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Abstract 
The in vitro manipulation of cauliflower 
(Brassica oleracea Lo convar o botrytis (Lo) Alefo var o botrytis Lo) 
meristematic tissues for utilisation in genetic improvement programmes 
by 
Martin Louis KietTer 
Cauliflower curd meristem activity (organogenic, plastochronic, phyllotactic) was 
analysed biometrically and confirmed that the curd is the product of a constant process of 
meristem production and branch ramification with little if any dominance between branch 
apices. A growth model based on curd branching pattern was developed and its mathematical 
expression enabled the estimation of the number of meristems carried by a curd at maturity to 
be over ten million which was previously widely underestimated. 
Analysis of the response to the in vitro culture of this meristematic tissues revealed that 
meristems are not predetermined to produce flower and that their shoot regeneration capacity 
is under several levels of control, the most important being explant physical property (size) 
and the culture system (nutrient supply). Optimisation of these parameters enabled the 
development of a low cost, semi-automated protocol for mass production of cauliflower 
propagules at an unprecedented scale with over 10000 propagules produced per curd. 
Micropropagules a few millimetres in length were produced, encapsulated in calcium alginate 
hydrogel, stored at 4°C for several months and used as an 'artificial seed' system of 
cauliflower propagation. The response to the procedure of micropropagule production is 
genotype-dependent with summer heading varieties being less reactive than winter heading 
varieties, this phenomenon was also associated with plasmalemma instability at the cellular 
(protoplast) level. Furthermore, this material was successfully cryopreserved in liquid nitrogen 
using a dehydration I vitrification method. 
The micropropagation protocol is of great interest when used as a regeneration system 
for experiments involving genetic manipulation such as genetic transformation. A preliminary 
study of genetic transformation by microprojectile bombardment, using the gus reporter gene, 
allowed transient expression in curd meristematic tissue. 
The fundamental and industrial implications for cauliflower breeding of the different 
protocols developed in this thesis are discussed. 
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1 ][NTRODUCTION 
1 Introduction 
1.1 General introduction 
Cauliflower is a very important vegetable of the B. oleracea L. group. Its production has 
been estimated to be 5.4 million tonnes worldwide with the biggest production area being in 
Europe and Asia (F.A.O. 1990). The uniqueness of this crop is that the edible part is a large 
'preinflorescence' called a curd. This organ has a highly branched structure carrying on its 
surface a large number of meristems which have the potential to develop into flowers (Sadik 
1967). 
Breeding programmes for cauliflower are lengthy essentially because of the length of the 
vegetative cycle (6-18 months) and the complexity of the reproductive biology. 
Developments in plant cell culture however have considerably eased genetic improvement 
and furthermore, advances in molecular biology are beginning to have an impact on 
improvement programmes (King 1990; Crisp and Tapsell 1993). Within these technologies 
with all plant species, the ability to regenerate plants from manipulated cells is of paramount 
importance and an increasing number of researchers have recently turned their interests back 
to meristems as these are considered the most genetically stable tissues for regenerating true 
to type plants (Nehra and Kartha 1994 ). In most plants the number of meristerns available 
for manipulation is very limited and most protocols regenerate plants from meristems 
induced de novo from dedifferentiated cells with the consequent risk of genetic instability. 
Cauliflower curd however has a large number of meristerns opening many manipulation 
opportunities unique to this species. Most of the cell culture techniques using curd 
meristematic tissues date back to the 1970's and the main assumption of this project is that 
these meristematic tissues are not used to their full potential. 
The litt~rature review will introduce: 
I 
(i) Cauliflower systematics, biology and genetics, focusing on curd production. 
(ii) Cauliflower breeding trends and current input of plant cell and molecular technologies in 
genetic improvement programmes. 
(iii) Advances in plant cell tissue culture techniques with Brassica spp. (organogenesis, 
meristem and protoplast culture, somatic embryogenesis) as meristem multiplication 
and induction is the precondition to plant micropropagation and artificial seed 
production (Debergh 1994). 
(iv) Advances in Brassica genetic transformation techniques with a special interest in micro-
projectile bombardment as meristem transformation has become an important focus of 
research (Sautter et al. 1995). 
(v) Advances in plant cryopreservation technology as new developments are now allowing 
meristem cryostorage in many species (Fabre and Dereuddre 1990; Sakai et al. 1990). 
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1.2 Cauliflower (B. oleracea L. convar. botrytis (L.) Alef. var. 
botrytis L.) 
1.2.1 Taxonomy, phylogeny and relationships of Brassica 
oleracea L. and related species 
The cultivated forms of the Brassica genus are multiple. They are grown all around 
the world as vegetables (eg. cabbage, cauliflower, turnip, swede), condiment (eg. mustard), 
animal forage (eg. kale, rape) and for oil production (eg. oilseed rape). They reflect the 
variability of this highly polymorphic genus historically intensively bred in Europe (Brassica 
oleracea L.) and in Asia (Brassica campestris L. and Brassicajuncea (L.) Czern) (Crisp 
1976; Prakash and Hinata 1980) (Appendix I). Despite attested early domestication 
taxonomy and phylogeny of these species remains controversial. 
1.2.1.1 Taxonomy of Brassica oleracea L. 
Many prominent botanists have investigated Brassica systematics with the most 
important contributors being Linnaeus (1753), Schulz (1919; 1936), Bailey (1922; 1930), 
and Helm ( 1963) (for review see Prakash and Hinata 1980). Nevertheless considerable 
confusion exists in naming the different species due to an accumulation of synonyms and 
citations (Prakash and Hinata 1980). The cabbage group represents one of the most highly 
polymorphic classes among Brassica, selected to give a wide range of crop types (eg. 
cabbage, cauliflower, broccoli, kales, Brussels sprouts, kohl-rabi) (Gry 1992). This 
polymorphism and the large number of intermediate forms make classification difficult. The 
most extensive classifications were presented by Schulz (1936) (Fig. la), and Helm (1963) 
(Fig. I b), whilst the simplified presentation reported by Crisp (1979) is widely accepted 
(Fig. le). The use of isoenzymatic (Margale et al. 1994) and molecular markers (Song et al. 
1990; K.resovich et al. 1990; Dos Santos et al. 1994; Thormann et al. 1994) have enabled the 
study of Brassica diversity at a molecular level. The techniques of Restriction Fragment 
Length Polymorphism (RFLP) and Random Amplified DNA Polymorphic sequences 
(RAPD) have enabled estimation of the genetic distance between accessions with a precision 
which has never been available before and confirmed the segregation between taxa of B. 
oleracea L. based on morphological characters (Kresovich et al. 1992; Margale et al. 1994). 
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(a) Brassica oleracea L.; cabbage (b) Brassica oleracea L.; cabbage 
convar. oleracea 
(c) 
var. ramosa (DC.) Alefeld, thousand-head kale 
var. acepha/a DC. 
subvar. viridis (L.) Schulz, marrow-stem kale 
subvar. sabellica (L.) Schulz, curly kale 
subvar.laciniata (L.) Schulz, curled purple kale 
var. bullata DC. 
subvar. sabauda (L.) Schulz, savoy cabbage 
subvar. gemmifera DC., Brussels sprouts 
subvar. palmifolia DC., palm-tree kale 
var. capitata L., heading cabbages 
var. gongylodes L., kohl-rabi 
var. botrytis L. 
subvar. cymosa Duchesne, sprouting broccoli 
subvar. cauliflora (Gars.) DC. 
cauliflower, heading broccoli 
Species Character convar. 
var. oleracea, wild cabbage 
var. ramosa DC., thousand-head kale 
var. gemmifera DC., Brussels sprouts 
var. dalechampii Helm, polycephala cabbage 
convar. acephala (DC.) Alef. 
var. acephala, tree kale, collards, borecole 
var. selenisia L ., ornamental kale 
var. sabellica L., curly kale 
var. palmifolia DC., palm-tree kale 
var. medullosa Thell ., marrow-stem kale 
var. gongylodes L., kohl-rabi 
convar. capitata (L.) Alef. 
var. costata DC., portuguese cabbage 
var. sabauda L., savoy cabbage 
var. capitata L., heading cabbage 
convar. botrytis (L.) Alef. 
var. italica Plenck, sprouting broccoli 
var. botrytis L., cauliflower, heading broccoli 
Character var. Common name 
stems much branched ramosa thousand-head 
much axillary development oleracea kale, etc. 
axillary buds develop more or gemmifera brussels sprouts 
less synchronously up the stem 
actpha/a, 
large number and ulensia kales, collards, 
leaves acephala stem or size of leaves sabellica borecole, etc. 
stalked elongated pa/mifolia 
Brassica stem thickened med111losa marrow-stem 
oleracea kale 
stem bulbous gongylodes kohl-rabi 
stem more head head very compact capitata cabbage 
or less compact 
unbranched apical bud capita/a leaves wrinkled sabauda savoy cabbage 
large : leaves 
sessile ; stem head lax ; midrib prominent costata ponuguese 
compressed cabbage 
large terminal some axillary development italica sprouting broccoli, 
inflorescence borryris calabrese 
develops more 
or less no uillary buds ; precocious batrytis heading broccoli, 
synchronously development of pre-tloral tissue cauliflower 
Figure 1 :Classification of Brassica oleracea L. cultivated forms according to Schulz (1919; 
1936) (a), Helm (1963) (b) and Crisp (1976) derived from Helm (1963) (c) 
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1.2.1.2 Phylogeny 
The actual taxonomy of the family Brassicaceae and of the genus Brassica is not 
based on phylogenetic evidence (Hedge 1976). Cytogenetic and molecular research will 
elucidate the relations between species of Brassica but their phylogeny is still uncertain. 
Brassica and related species 
Brassica species carry a haploid chromosome number from 7 to 22 (G6mez-Campo 
and Hinata 1980). The low chromosome number species seem to be aneuploid (Man ton 
1932) resulting from a common prototype with the basic chromosome number x=6. The 
extensive works of Morinaga, Karpechenko and U (for review see Prak:ash and Hinata 
1980) elucidated the cytogenetic structure of Brassica. The agronomically interesting species 
of Brassica comprise three elementary species B. campestris L. (n=lO, genome A), B. nigra 
(L.) Kock (n=8, genome B) and B. oleracea L. (n=9, genome C); the species with 34, 36 
and 38 chromosomes are tetraploids and they have their origin in interspecific hybridization 
and consist of any two of the three different elementary genomes. These amphidiploids are 
B. juncea (L.) Czem (n=l8, genome AB), B. carinata Braun (n= 17, genome BC) and B. 
napus L. (n=l9, genome A C). The cytogenetic relationship of these species was established 
by U and is known as U's triangle (Fig. 2). Further study of the cytogenetic relation of other 
elementary genomes in Brassica and allied genera with the A, B and C genome through 
extensive and systematic hybridisation, succeeded in elucidating partially homologous 
relations among six different genomes of Brassica and five genomes belonging to the four 
genus Sinapis, Diplotaxis, Eruca and Raphanus (Mizushima 1980) (Fig. 3). 
Brassica oleracea L. 
The difficulty of elucidating the phylogeny of the cultivated forms of B. oleracea L. 
is first due to the absence of clear 'look-alike' wild forms and secondly to the existence of a 
significant number of related species endemic to the Mediterranean and Atlantic coast lines 
(For review see Snogerup 1980) forming the B. oleracea L. group. They are all cross fertile 
and have in consequence been grouped in a single cytodeme by Harberd (1976) and even a 
single species by Glad is and Hammer ( 1994 ). Nevertheless, the amount of variability (e.g. 
annual, biennial, perennial forms; inflorescence cymosa or racemosa) within the group make 
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Figure 2: Triangle of U (from U 1935) 
Figure 3 : Genome inter-relationships in Brassica and allied genera represented by the 
amount of allosyndesis (Mizushima 1980) 
The figure in the species circle enclosed in parentheses shows the maximum number of 
autosyndetic pairs that occur in the genome. The large- and medium-sized circles denote the 
genera and the small-sized ones species. A, B, C, ... are the genome symbols. The figure in 
the species circle enclosed in parentheses shows the maximum number of autosyndetic pairs 
that occur in the genome. The figure on the connecting line between two genomes shows the 
maximum number of bivalents that appear in their hybrid. The large-sized figure shows the 
lower limit of the number of allosyndetic pair between the genomes. The sum of the large-
and small-sized figures shows the probable maximum number of allosyndetic pairs between 
them 
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this simplification highly controversial. 
It seems commonly agreed that most of the cultivated B. oleracea L. known today 
were already cultivated before the Middle Ages. The referred origin of diversity appears to be 
the East Mediterranean and natural and man made breeding with local wild species from the 
B. o/eracea L. group could have led to the diversity seen today. Song et al. (1990), on 
molecular evidence, recognised three distinct groups of cultivated forms (kales, cabbage, 
broccoli) and attributed to them a monophyletic origin from the wild accidental B. oleracea 
L., suggesting that a leafy kale from this origin became widely spread along the coast of the 
Mediteranean and north Atlantic from Greece to Wales. This hypothesis is plausible since 
evidence of very early trade between the Celts of western Europe and the Greeks exists. 
Specialized forms of B. oleracea L. have evolved in different areas through selection and 
adaptation to various climates, and may have been exported back to western Europe. 
Cauliflower and broccoli 
The first reference to cauliflower appears rather late in comparison with the other 
cultivated forms of B. oleracea L. The Romans knew broccoli and called it 'cyma' but did 
not report any true cauliflower form (Prakash and Hinata 1980). lbn-al-awam (12th cent.) in 
his spanish-arabic treatise 'Kitab-al-falaha' reported three cauliflower types called Syrian 
cabbage or Mosul cabbage. Dodonoeus (1538) in his stirpium historia pemptodes reported 
cauliflower in Holland and called it Cyprus cabbage. Cauliflower and broccoli appear to be 
historically originated from the Eastern Mediterranean and Schulz (1936) suggested that B. 
cretica Lam. might be their progenitor apparently in opposition with Song et al. (1990) 
whose more recent proposal is a wild B. oleracea L. derived kale. It is however possible that 
both types contributed by hybridisation to the actual cultivated forms (Crisp and Tapsell 
1993). Gray (1980) and Song et al. (1990) reported close genetic affinity between 
cauliflower and broccoli and suggest that they probably derived from the same gene pool by 
careful selection. The current centre of diversity for the two forms is Italy where numerous 
land races have been selected and were recently gathered after genetic analysis into four land 
race clusters (cream cauliflower type, purple cauliflower, calabrese and romanesco 
cauliflower) (Massie et al. 1994). Italy certainly must have played a key role in the 
establishment of the crop's genetic diversity and fixation of the types in culture today. More 
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definitive evidence on phylogeny should soon arise as the C genome of B. oleracea L. is 
currently being studied at the molecular level (Bohuon et al. 1994). 
1.2.2 Biology of cauliflower 
1.2.2.1 Cauliflower curd morphology 
The curd appears as a very organized structure with a main monopodia] stem carrying 
numerous branches (Sadik 1962, Rahn 1979). The cauliflower curd was historically 
described as fasciated, hypertrophied and only able to produce abortive flowers (for review 
see Aamlid 1952; Sadik 1962; Rahn 1979). Dark ( 1938) however reported that cauliflower 
flowers are normal and Aarnlid (1952) did not find any anatomically abnormal tissue in 
cauliflower curd and stated that it is the small branch length-width ratio which makes the 
curd look hypertrophic. For Aarnlid ( 1952) the only abnormality of the cauliflower is the 
absence of apical dominance of the inflorescence and the absence of branch (peduncle) 
elongation during curd development. Sadik (1962) reported that the curd branching pattern 
was following the phyllotactic pattern characteristic of the whole plant and in consequence 
was not fasciated. He presented the three main changes in the growth pattern characterizing 
the curd as follow : 
(i) leaf development is curtailed so that only bract buds are present throughout the curd; 
(ii) all lateral buds are elongated into shoots whose apices make up the curd surface; 
(iii) the internodes of the shoots system are shortened. 
The first sign of curd induction is an acceleration of the widening rate of the apex (Booij and 
Struik 1990), whilst anatomically the most striking modification is the rising number of cell 
layers of the meristem mantle (Sadik and Ozbun 1968). When the apex reaches the 'break 
point' of 0.6 mm in diameter curd production begins (Wurr et al. 1990b). The apex starts to 
produce bract like leaves which will become the curd wrapping leaves, and the part of the 
stem below the bracts elongates allowing the inflorescence to appear as a small tower on the 
top of the stem (Aarnlid 1952). The meristems of the bract axils start developing and become 
the apices of branches of first Order (Salter 1960), later, second Order branch primordia are 
initiated from the apices of the first Order branches. This phenomenon continues resulting in 
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an enormous number of shoot apices covering the surface of the curd (Aamlid 1952, Sadik 
1962, Torres et al. l980a). 
The curd conformation is variable but most of the cultivated genotypes have a 
relatively smooth surface although some Italian types ('Jesi', 'Romanesco') display a very 
angular surface with each branch forming a small pyramidal structure with a precise 
conserved angle (Crisp and Tapselll993). This morphology is probably caused by a highly 
specific stem elongation. Watts (1966b) demonstrated that the 'Jesi' type was polygenically 
controlled, with partial dominance towards the smooth phenotype. 
1.2.2.2 Physiology of curd induction and production 
Cauliflower development from sowing to curd harvest is divided into three stages 
(Rahn 1979): 
(i) Juvenile stage when the plant is vegetative and insensitive to cold stimulus; 
(ii) Curd induction stage when the apex is vemalized and curd initiated; 
(iii) Curd growth stage ending with the production of the marketable curd. 
The duration of these stages and the need for vemalization are highly variable in cauliflower 
and condition sowing and maturity time. Maturity groups are used to classify varieties into 
Summer, Autumn and Winter heading types, though it is now possible to produce 
cauliflower year round (for review see Crisp et al. 1980; Gry 1992) (Appendix 11). 
Juvenile stage 
The duration of the juvenile stage is variable according to genotype (Wurr et al. 
1993). It can be conveniently measured in terms of the number of leaves produced to reach 
the transition point when the plant become sensitive to cold induction (for review see Booij 
and Struik 1990) and was reported to be between 10 and 19 leaves (Sadik 1967; Booij 1987; 
Hand and Atherton 1987). The transition phase is very short,1asting for only two 
plastochrons and is marked by an increase in the rate of leaf initiation (shorter plastochron) 
(Hand and Atherton 1987). Plants remain vegetative and keep producing new leaves until 
complete vemalization (Wiebe 1972). 
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Curd induction stage 
All cauliflower plants need an exposure to 'relative' low temperature (vernalization) 
to produce a curd and subsequently to flower (Wiebe 1972; Fujime 1983). High 
temperatures can totally prevent curd production (Sadik 1967; Fujime 1983). The qualitative 
and quantitative aspects of the vernalization treatment depend on the genotype and are 
expected to be under complex genetic control (Crisp and Tapsell 1993). Duration of 
vernalization has been reported to vary widely for the same genotype from one year to 
another (Wurr et al. 1988; Wurr et al., 1990) as it is heavily dependent on environmental 
conditions. Wurr et al. (1988; 1993) proposed a model for cauliflower vernalization in 
accordance with earlier observation from Atherton et al. ( 1987) in which the rate of 
vernalization varied with temperature (Fig. 4). Transplants exposed to temperatures other 
than their vernalization optimum are induced later, produce more leaves and have curd 
maturity delayed (Wurr et al. 1993). Booij ( 1990c) following earlier observation (Booij 
1989) succeeded in compensating the delay in curd induction by treating plants with 
gibberellic acids (GA4-ry), however treatment is difficult to realise and far yet from being 
optimised. 
The homogeneity of the transplant physiological state is also important because it 
conditions the duration of curd initiation period for a crop which itself conditions the length 
of the crop maturity (Booij 1987; 1990a). Salter and Ward (1972) succeeded in significantly 
reducing the crop maturity duration by increasing transplant curd initiation uniformity using a 
cold pretreatment. Unfortunately the pretreatment must be carried out on newly mature plants 
which requires specific knowledge of the physiology of each genotype which is not usually 
available. 
Curd growth stage 
After initiation curd growth will be influenced by three types of factors: genetic, 
cultural and climatic. Growth rate, curd size and curd characteristics are different for all 
genotypes and therefore under genetic control (for review see Crisp and Tapsell 1993). 
Critical cultural techniques to optimize are fertilizer supply (Wurr et al. 1988), water supply 
(Salter 1960) and plant culture density (Whitwell and Senior 1987) (for review see 
M.A.F.F. 1982). The most important factor influencing curd growth is climatic conditions 
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Figure 4 : Model for cauliflower vemalization reported by D.C.E. Wurr (27 Nov 1995 cauliflower workshop , 
Warwick) 
Table I : Review of curd physiological defects (Fujime 1983; Crisp and Tapsell 1993) 
Name symptom(s) Biological phenomenon Factor inducing Genetics 
Blindness End of leaf production, or Death or abnormal Extreme temperature, Unknown 
whiptail' development, development of the shortage of Molybdenum 
Lack of curd apical meristem (Salter 1957) 
Buttoning Early production of Curd production on Unclear, increased by use of Not under genetic control 
small defective curd a small plant (Crisp 1984) large transplants(Booij 1990b) (Crisp and Hardwick 1985) 
Buttoning Late production of Reduction in assimilate Mechanical or thermal Not under genetic control 
small curd movement from leaves to (chilling) stress of the leaves (Crisp and Hardwick 1985) 
(Crisp 1984) curd (Crisp and Hardwick 1985) 
Looseness Lack of curd solidity Wilting, curd with thin unknown Number of polygenic 
curd surface feeling interstitial branches, early factors (Nieuwhof and 
spongy' to the touch curd branch elongation Garretsen 1961) 
Riciness Granular or wooly Precocious nower bud Temperature lower than Under polygenic control 
and aspect of the curd formation the optimum for curd {Watts 1966a) 
Wooliness growth 
Bracting Small fuzzy projection Excessive development Temperature higher than Under polygenic control 
(Fuzziness, (bracteols) and leaves growth of meristem or peduncles the optimum for curd (Crisp et al. 197 5) 
Leafiness) through the curd surface bracts growth• 
Holing Indentations or depressions Difference in Ooret growth Unclear, nutritional or Unknown 
in mature curd rate within a curd climatic defect (Vale 1994) 
• Symptoms were also induced experimentally by ethephon treatment (Booij 1990d) 
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which is unpredictable and variable in Western Europe yet is responsible for the frequent 
peaks and troughs of cauliflower production. Extreme temperatures induce physiological 
defects lowering curd quality and commercial value (Fujime 1983) (Table 1 ). Salter ( 1960) 
reported that curd growth measured as dry weight is closely related to thermal time, 
establishing the basis of models for prediction of crop production. Wurr et al. ( 1990a,b) 
developed a simple model of time maturity prediction based on a quadratic relationship 
between the logarithm of curd diameter and accumulated day degrees > 0°C. The model 
accounted for 96.5 %of the variance in In( curd diameter) and is now used commercially to 
predict crop production fluctuations. Recently however Pearson et al. (1994) reported that 
curd growth was not as amenable as expected to simple thermal time treatments and 
developed a new model based on calculation of the relative growth rate determined by the 
ontogenetic state of the plant and instantaneous environmental conditions. One of the 
advantages of this model on the others (Wurr et al. 1990a,b; Pearson and Hadley 1993) is 
that it could be used without need for field sampling. 
1.2.2.3 Biochemistry of curd induction 
Mature plants are insensitive to photoperiod (day-neutral) (Sadik 1967), but 
sensitive to cold induction (vemalization) and the stimulus is almost certainly perceived by 
the shoot tip as in other Brassica (lto et al. 1966). The mechanism of vemalization remains 
unclear, but it is known that the vemalization signal cannot be transmitted across grafts 
(Sadik 1967) but can be transferred mitotical1y through many cell divisions (Wellensiek 
1964). Recent work has demonstrated that cold treatment was inducing a modification of the 
level of DNA methylation mimicked by the use of the demethyling agent 5-azacytidine in 
Arabidopsis thaliana and reducing time to flowering (Bum et al. 1993) and a similar 
response was recently reported for broccoli (King and Tymens 1994). It is assumed that the 
demethylation induced by vemalization removes specific blocks in the flowering biochemical 
pathway and Bum et al. (1993) proposed the involvement of the thermoinductive gene 
coding for kaurenoic acid hydroxylase (Hazebroek and Metzger 1990), a key enzyme in the 
gibberellic acid biosynthetic pathway. A peak of gibberellin activity was observed in the 
cauliflower apex just prior to curd initiation and a cold treatment enhanced it (Thomas artd 
12 
Lester 1970; Thomas et al. 1972). On this basis gibberellin-like compounds were presented 
in the model of curd induction developed by Wurr et al. ( 1981) to be the signal responsible 
for curd development. Nevertheless, this is highly controversial because even if application 
of gibberellic acids was reported to increase curd induction on mature plants it could not 
totally substitute for vemalization treatment (Leshem and Steiner 1968; Booij 1990c). 
Furthermore, treatment with growth retardant (affecting endogenous gibberellin 
concentration) was not found to retard floral induction in broccoli (Pontes et al. 1970; Fontes 
and Ozbun 1970). Other phytohormones seem to be involved in curd induction since under 
certain conditions Margara ( 1969; 1982) found that curd could be induced on neoformed 
buds by media rich in cytokinin or gibberellic acid and flowers induced directly with media 
containing an auxin antagonist (Margara 1977a). Variation in auxin and cytokinin activity 
have been observed in the apex during curd induction (Thomas et al. 1972) though their role 
remains unexplained. More recently the possible involvement of carbohydrates in curd 
induction has been reported (Atherton et al. 1987) and during chilling treatment before curd 
induction the apical dome undergoes a rapid accumulation of dry matter (Sadik and Ozbun 
1967; Atherton et al. 1987). Cold temperature appeared to inhibit leaf growth and as a 
consequence to increase the availability of growth factors, essentially carbohydrates, 
allowing curd initiation to proceed (Williams and Atherton 1990). Atherton et al. (1987) 
partially substituted the low temperature effect by injection of sucrose solution below shoot 
tips of intact plants suggesting a direct regulatory role of carbohydrates in vemalization. 
This information, if fragmented, is in accordance with the theory of 'multifactorial 
control' of flower induction developed by Bernier ( 1988). He postulates that several 
assimilates and phytohormones participate in floral induction in interaction with the genetic 
and physiological state of the plant (Bernier et al. 1993). The difficulty is to elucidate the 
hierarchy and precise role of the different chemical signals. 
In cauliflower the vemalizing treatment does not induce flower development directly 
but the production of a large preinflorescence : the curd. In some summer genotypes there is 
a clear separation of curd induction and flower induction, with no flower development if the 
curd is not exposed to lower temperature than required for its own induction (Sadik 1967). 
In any case flower development in cauliflower occurs only after a long delay following curd 
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induction and only after branch elongation. This two step phenomenon is not understood but 
the recent breakthrough in the understanding of curd-like organ genetic determinism in 
Arabidopsis thaliana (Bowman et al. 1993; Kempin et al. 1995) should rapidly lead to new 
developments in this area. 
1.2.2.4 Curd Genetics 
Phenotypes related to cauliflower curd have been reported in tomato (Paddock and 
Alexander 1952) and recently in the laboratory model plant Arabidopsis thaliana (ecotype 
Wassilewskija) (Bowman et al. 1993). Genetic control of this phenotype has been clarified 
for Arabidopsis thaliana (for review see Smyth 1995), three genes involved have so far been 
identified : APETALA1 (AP 1) (Mandel et al. 1992), LEAFY (LFY) (Huala and Sussex 
1992) and CAULJFLOWER (CAL) (Bowman et al. 1993). AP1 and LFYare acting in 
combination to specify the identity of the floral meristem and their expression has been 
reported to be regulated by a CAL gene product (Bowman et al. 1993). In plants carrying a 
double mutation on AP 1 and CAL, meristems which normally become floral behave as 
inflorescence meristems, giving rise to additional meristems in a spiral phyllotax.y and 
effectively producing a little curd-like organ (Bowman et al. 1993).1t is assumed that AP 1 
and CAL which are closely related (Kempin et al. 1995), are regulatory genes coding for 
ON A-binding transcription factors as they carry the typical MADS-box domaine (Mandel et 
al. 1992; Kempin et al. 1995). 
The gene(s) down regulated by AP 1, LFY and CAL have not been identified. 
Bowman et al. (1993) suggest that the complete specification of floral meristem identity only 
occurs when a threshold level of a factor (or factors) regulated by both AP 1 and LFY is 
exceeded. In the ap1-l cal-l curd producing double mutant, LFYis not expressed 
significantly but its activity seems to gradually accumulate in the curd higher Order 
meristems, eventually reaching the threshold required for floral meristem specification, 
flowers then develop and mature (Bowman et al. 1993). 
BoCAL and BobCAL gene homologues of CAL have been cloned successively in B. 
oleracea L. wild type (not producing curd) and cauliflower cultivars (Kempin et al. 1995). 
As expected by the Arabidopsis model, BoCAL is normally expressed and BobCAL is 
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mutated with its sequence being interrupted by a stop codon, the protein is expected to be 
non functional (Kempin et al. 1995).1t is not known if the AP 1 homologue in cauliflower 
(B. oleracea L.) is also mutated despite its recent cloning (Anthony et al. 1995). Flowers 
produced from cauliflower curd are normal and do not express the defects usually observed 
in ap1 mutants of Arabidopsis thaliana (Bowman et al. 1993). These workers think that in B. 
oleracea L. the origin of the abnormal phenotype could be different and may depend on a 
single mutation. Smyth (1995) thinks that the function of AP1 and CAL could have diverged 
with evolution between Arabidopsis thaliana and Brassica oleracea L. from their common 
ancestor. Nevertheless, it seems obvious due to the high level of functional conservation 
between homologue genes, that genetic control of the cauliflower phenotype in the two 
plants must be closely related (Jordan et al. 1994). 
The understanding of this genetic control is of importance for cauliflower (B. 
oleracea L.) because it should also contribute to an understanding of the genetic control of 
physiological defects affecting curd production (Anthony et al. 1995). For example the 
defect called bracting corresponds to the unexpected development of bracteols in the curd and 
is thought to be induced by crop exposure to suboptimal temperature (Table 1). Bowman et 
al. (1993) reported that the intensity of AP 1 and LFYexpression varied with temperature. 
Furthermore, they reported that LFY expression suppresses bract formation in Arabidopsis 
thaliana. Cauliflower bracting could be linked with the expression pattern of a LFY 
homologue recently cloned (Anthony et al. 1993). 
Knowledge of cauliflower biology has considerably advanced in the last ten years. 
Its physiology is relatively well understood and strong models for crop production have been 
developed. Its floral biology is intensely studied and mechanisms of self-incompatibility and 
male sterility are useful tools for plant breeders. Dramatic breakthoughs are being made in 
curd genetics which should lead to a rapid elucidation of its determinism, however for the 
moment, the mechanisms responsible for its production are still speculative. In the light of 
the new discoveries in curd biology and genetics it appears more necessary than ever to 
understand curd structure for mutant analysis and to study meristem physiology. A 
quantitative study would also enable the estimation of the number of meristems carried by a 
curd available for in vitro manipulation. 
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1.3 Trends in breeding of cauliflower 
1.3.1 Market constraints and industrial situation 
The cauliflower market is small in comparison with crops such as wheat, maize or 
tomato yet in Europe competition is fierce with more than fifteen seed companies of all sizes 
(N .LA .B. 1994) competing at a local level for a stable cauliflower production area (about 
138000 ha) (European Commission 1995). The main European producers are France, Italy, 
United Kingdom and Spain in decreasing importance (Auffret 1995). For the time being the 
expansion of the broccoli area does not appear to have affected the cauliflower market but 
instead substitutes for cabbage (Remi Leviel Clause semences personal communication). 
The seed market is shared between international breeding companies proposing 
highly bred varieties and national local breeders (e.g. in United Kingdom: Codebric Seed 
Growers, Broccoli Seed Growers, Trinity Growers, Lines Cauliflowers Growers) 
proposing varieties more adapted to the local environment but usually less homogeneous d~e 
to a lower technological level of breeding although some notable exceptions do exist such as 
in Brittany (Organisation Bretonne de Selection). Plant breeding costs are high and profit 
margins small and in recent years small seed companies have disappeared (e.g. Groupement 
Malouin de Selection) and leading ones (Royal Sluis b.v., Petoseed Ltd., Nickerson-Zwaan 
b.v ., As grow Seeds Ltd.) have been taken over as the industry concentrates and becomes 
multinational. For cauliflower the European companies (Royal Sluis b.v., Sluis & Groot 
seeds b.v., Bejo Zaden b.v., Nickerson Zwaan b.v., Clause Semences, Vilmorin 
Semences) are dominant but for broccoli Japanese and North American companies (Sakata 
Seeds b.v ., Takii & co Ltd., Petoseed Ltd.) hold a substantial part of the seed market 
(N.I.A.B. 1993; 1994, Baines 1995a). In this increasingly competitive market breeding 
methods are changing with the development of new tools derived from tissue culture and 
molecular technologies (Dickinson 1989; Murray 1991; Askew 1995). Breeding objectives 
are also being adjusted to a market where retailer companies are becoming increasingly 
influential (especially in United Kingdom) and more environmentally friendly methods of 
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production demanded (N.F.U.-Retailer consortium 1993). 
The aim of this subchapter is to report the main breeding trends and the new 
technologies developed or likely to become important in breeding programmes for 
cauliflower. These trends are as a result of the combination of pressure and need from 
growers, retailers especially supermarkets, state and European policies and consumers. 
Published reports in this field are scarce and a substantial part of the information used here 
was kindly communicated during interviews with French, English and Dutch seedhouse 
plant breeders. The overal trends are to improve quality of seed, crop, and marketed product 
for a larger range of varieties. 
1.3.2 Seed quality 
As seed prices have been increasing especially with the introduction ofF I hybrid 
varieties, growers are now demanding seed of better quality with the ultimate goal being one 
seed, one plant (Shaddick 1995). Fl hybrid seed production using self-incompatibility as the 
hybridisation control system is unstable at high temperature and can lead to a high level of 
sibs (selfed parent line). In uncontrolled conditions, seed quality (germination, vigour) is 
variable from year to year (Perkins 1994), and contamination by Xanthomonas campestris 
(Pam.) Dows. (a seed transmitted pathogen) is frequent. The use of male sterility as the 
hybridisation control system allows seed production in polytunnels because the sterilities 
used are stable under a compatible range of temperature (Ruffio-Chable et al. 1993). These 
conditions enable contamination to be limited and disease free seeds to be produced (Tiro 
Lunn, O.B.S. personal communication). Seeds produced are of a very high quality with 
typically 95% to 97% germination rates and strong vigour (Perkins 1994), even if seed 
processing can reduce it markedly (Tiro Lunn, O.B.S. personal communication). 
Seed film coating with active ingredients against, for example, cabbage root fly 
(Long 1994b) and pelleted seed for precision drilling can also be considered as recent seed 
quality improvements and are available from most seedhouses. 
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1.3.3 Crop quality 
Crop quality is ultimately assessed by the grower in terms of yield of curd of 
marketable quality (class I) harvested in the lowest number of passes/cuts in the field 
(Jellings and Fuller 1995). It depends on crop homogeneity and the ability to deliver good 
quality end product within the environmental conditions encountered and production 
methods followed. 
1.3.3.1 Homogeneity 
Crop homogeneity essentially depends on the initial uniformity of transplant 
physiological status and uniformity of variety genetics. The use of module-raised transplants 
from 1980 gave plants of uniform size for the first time (Grower 1994b) and consequently 
improved crop uniformity. The importance of transplant physiological status was 
demonstrated as being crucial for crop homogeneity and time to maturity (see 1.2.2.2). 
Better understanding of cauliflower physiology, essentially vernalization, is needed for 
further improvement in crop homogeneity though cultural methods. 
Most cauliflower, with the exception of many summer types (Crisp and Tapsell 
1993), possess the usual Brassica sporophytic self-incompatibility system (for review see 
Trick and Heizmann 1992). They naturally rely on out-pollination and are highly 
heterozygous. Historically all varieties were open-pollinated (o.p.) and crops displayed poor 
homogeneity. Some gains in uniformity were obtained from the development of synthetic 
varieties produced by cross pollination of a limited number of elites lines (Herve 1979). The 
best uniformity however is obtained from F1 hybrid varieties, but these are more difficult to 
produce due to labour intensive production of useful parental inbred lines, difficult 
synchronisation of the two parents, difficult elimination of parental self-pollination (Crisp 
and Tapsell 1993). With Fl varieties the number of cuts necessary for harvesting 80% of a 
crop can be reduced from 10-12 to 1-3. The main problem for the breeder is that creation of a 
new F1 hybrid variety can take up to 20-25 years for a winter type and about 10 years for a 
summer type (Yves Herve personal communication). Inbred line production implies that the 
self-incompatibility must be overcome by hand pollination of the immature flower and it can 
take up to 15 years to produce useful inbred lines of winter heading types (Gueguen 1995). 
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This long procedure however can largely be offset by techniques of anther or microspore 
culture (androgenesis) (for review see Kieffer 1991). Sporophytic development of immature 
pollen (microspores) produces haploid plants or directly double haploid plants (Takahata and 
Keller 1991; Duijs et al. 1992). These 'instant' inbreds enable direct assessment of recessive 
genes which would have remained 'hidden' for several generations with conventional selfing 
methods (Wenzel et al. 1994). 
The second main problem is to control parent floral biology to avoid self-pollination. 
Self-incompatibility (SI) is currently the system used the most (Crisp and Tapselll993). 
Nevertheless the genetic determinism of SI is not totally understood and the SI system of 
production is plagued by self or sib-pollination in unfavourable conditions sometimes 
leading to the production of more than 5% of off-type seeds (Perkins 1994). These sibs can 
in some cases be eliminated by simple sieving of the seed lot as sib seed are usually smaller 
than F1 seeds, but often entire seed lots have to be withdrawn (Bernard Bosc Vilmorin 
personal communication). Because of these problems with SI, male sterility has been 
extensively studied in cauliflower and appears to be more reliable than SI with no sib-
pollination (Renard et al. 1992). Two types of male sterility are used in cauliflower 
hybridisation control systems: 
Genic Male Sterility (GMS): A dominant gene for GMS is used for autumn (and soon 
winter) cauliflower in Brittany, France (Ruffio-Chable et al. 1993). The gene is introduced 
by back crossing into intended female lines. Recessive genes of GMS have so far been 
neglected because of the difficulty to introduce them into elite lines (Crisp and Tapsell1993). 
Nevertheless the development of nuclear markers have made the process of gene transfer 
accessible and a new, very stable, recessive gene of GMS will be used in Brittany in the near 
future (Texier and Guidet 1994; Gueguen 1995). An original engineered nuclear male 
sterility could also soon be used in Holland. This male sterility was obtained by expression 
of a chimeric ribonuclease gene which destroys tapetal cell1ayers preventing pollen 
formation (Mariani et al. 1990). The gene is used for hybrid production of oilseed rape and 
has been successfully introduced into cauliflower (Leemans 1992; Denis et al. 1993). 
Cytoplasmic Male Sterility (CMS): To date the only system of CMS used in the seed 
industry was derived from the 'Ogura' radish (Raphanus sativus L.) and was introduced into 
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B. oleracea L. by interspecific sexual crossing (Bannerol et al. 1974). Unfortunately the 
resulting plants, although perfectly male-sterile, were practically unusable because of 
chlorophyll deficiency at low temperature and flower malformation (inefficient nectar 
production, reduced female fertility). These defects were corrected by somatic fusion with 
protoplasts from 'normal' Brassica , with recovery of a cybrid in which radish chloroplasts 
were exchanged with Brassica chloroplasts and mitochondrial recombination occurred 
(Pelletier et al. 1983, Hoekstra et al. 1988, Earle and Dickson 1994). This CMS has been 
used industrially for hybrid seed production since 1992 (Pelletier 1992). The modified Ogura 
cytoplasm is transferred to intended female lines by protoplast fusion (Earle and Dickson 
1994). A promising CMS originating from Brassica toumefortii has recently been transfered 
to B. oleracea L. through protoplast fusion. The 'Anand' cytoplasm appears to induce male 
sterility and no major defects have yet been observed (Cardi and Earle 1995). 
An interesting alternative to the expensive F1 hybrids for homogeneous crop 
production would be to produce cauliflower clones multiplied by tissue culture and 
distributed as artificial seeds. Unfortunately reports of somatic embryo production from 
cauliflower are rare, and protocols unreliable. The potential however for micropropagation 
from cauliflower curd is important (Crisp and Walkey 1974, Crisp and Tapsell 1993) even if 
it apparently cannot compete economically with seed at present. 
1.3.3.2 Plasticity 
Most cauliflower varieties are adapted for curd production over a short period of 
time. They are very sensitive to environmental variation which causes production to vary 
widely in quality and quantity. The severe losses observed in accidental Europe in the 
autumn/winter of 1994-1995 are a reminder of the lack of plasticity of the existing varieties 
(Grower 1994c; 1995; Vale 1995). 
There is a strong demand for varieties with a guaranteed minimum yield in every 
season, with more flexibility in planting and harvesting time (Emile Oost Nickerson Zwaan 
b.v. cited by Shaddick 1995), and it is predicted that Brassica breeders will concentrate more 
on this aspect, perhaps sacrificing other characteristics for it. In terms of quality, varieties for 
the future are expected to be less susceptible to physiological defects such as riciness, 
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bracting or looseness; so far no variety is totally free of any defect (Henk Pennings Royal 
Sluis b.v. personal communication). Selection against these defects is difficult and not 
always successful because the conditions promoting them are not easily repeatable (Crisp 
and Tapsell 1993). Understanding the genetics of curd physiological defects should improve 
in the future since the main genes involved in curd production in mutated Arabidopsis 
thaliana have been cloned (Bowman et al. 1993, Kempin et al. 1995). Homologous genes 
were also sequenced for cauliflower (B. oleracea L.) (Anthony et al. 1993; 1995; Kempin et 
al. 1995) and distorted expression could be involved in the observed physiological defects 
(see 1.2.2.4). 
Varieties must also become more resistant to stresses such as frost and drought. 
Semi-hardy winter varieties exist and prove that useful variability exists in the gene pool 
(Fuller 1993). Trials during the very dry summer of 1995 in the UK showed that response to 
drought was very variable between broccoli cultivars (Baines 1995b), suggesting possible 
improvement through selection. Very recently Holmstrom et al. ( 1996) reported that 
engineering the synthesis of small amounts of trehalose (a strong osmoprotectant) in tobacco 
greatly increases the plant's ability to survive drought. They stated that this strategy could 
provide crucial protection against frost and salinity as well as drought. 
The pressure is on the grower to use less fertiliser, especially nitrogen, to avoid 
leaching into water sources (Long 1993). Varieties of cauliflower are very demanding of 
nitrogen and applications are needed for quality as well as yield (Grower 1994a), 
nevertheless differences in terms of vigour and ability to cope with less fertile soils exists 
between varieties and some perform well with low inputs (Shaddick 1993) demonstrating 
that useful variation for exploitation by plant breeding does exist. 
1.3.3.3 Pest and disease resistance 
The general trend in agriculture is to reduce the use of pesticides in response to the 
public concern over residues in food and damage to the environment (Shaddick 1994), the 
aim is to achieve this reduction without affecting either yield or crop quality (Long 1993). 
Pressure from governments and environmental groups has led to a considerable reduction in 
the range of pesticides available to growers (An till 1993) and supermarkets ask for pesticide 
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records for each crops they buy (Shaddick 1994). Sweden has already reduced its overall 
pesticide use by 50 % since 1989 and plan a further reduction of 50% (Bouguerra 1995). 
For Brassica growers using less pesticides is a major challenge as these crops are 
affected by a wide range of pests and diseases (Brunei et al. 1979; Jouan and Rouxel 1979; 
M.A.F.F. 1982). It is especially difficult because disease resistance has not previously been 
a main breeding objective since diseases could be controlled effectively by use of chemicals 
(Antill 1993), and consequently the gene pool has been neglected (Shaddick 1994) and there 
is very little difference in disease or pest resistance between commercially available cultivars 
(N.F.U.-Retailer consortium 1993). The low input objective can be achieved by 
implementing the Integrated Crop Management (ICM) system developed in UK by the 
N.F.U.-Retailer consortium ( 1993). It combines good farming techniques with new cultural 
methods and supports integrated pest management as described by Labuschagne (1994). In 
this environment production of more resistant varieties is economically viable. Varieties with 
better levels of pest resistance will be mostly obtained following conventional screening and 
selection for pathogen resistance within the Brassica oleracea L. gene pool and related 
species (Pink 1993). Resistance or tolerance has been observed for ringspot (Mycosphaerella 
brassicicole), clubroot (Plasmodiophora brassicae wor.), downy mildew (Peronospora 
parasitica (Pers.) Fr.), black rot (Xanthomonas campestris (Pam.) Dows.}, and cabbage 
aphid (Brevicoryne brassicae L.) (Gray 1993a; Pink 1993; Crisp and Tapsell1993). Many 
of these interesting genes however do not exist in the cauliflower gene pool and 
consequently intertype interspecific crossing must be used. Unfortunately cauliflower is 
difficult and slow to recover by backcrossing (Crisp and Tapsell1993). Molecular markers 
associated with resistance genes should help in the future to recover plants carrying the 
useful gene and thus speed up breeding programmes (King 1990; Gray 1993a; Gueguen 
1995). For other pests and diseases (cauliflower and turnip mosaic virus, cabbage root fly 
(Delia radicum L.), lepidopteron pests, (Alternaria spp.), no substantial levels of resistance 
have yet been discovered in the B. oleracea L. gene pool (Crisp and Tapsell 1993 ). With 
these constraints the more expensive tools offered by biotechnology can deliver original 
sources of resistance, for example by : 
Introgression of desirable traits from distant species such as Moricandia arvensis , a 
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wild Brassicaceae resistant to clubroot and to crucifer flea beetle (Phyllotreta cruciferae), 
could be achieved by hybridization with Brassica spp. and ovary culture (embryo rescue) or 
somatic hybridisation (Takahata et al. 1993a). The difficulty associated with the initial 
hybridisation could be greatly eased in the future by the recent development of in vitro 
fertilization of isolated gametes (Kranz and ltirz 1994). 
Transfer of engineered nuclear resistance as for example the Bacillus thuringiensis 
gene cry/A( c) coding for an insecticidal crystal protein ({}-endotoxin) using Agrobacterium 
vectors, into broccoli (Metz et al. 1995); and the related gene cry/IB into cauliflower 
(Kavanagh and Dix personal communication). In another example virus resistance can be 
achieved by transformation with virus-derived or virus-targeted sequences (eg. coat protein 
gene, part of replicase gene) (for review see Strittmatter and Wegener 1993). Recently 
cauliflower was transformed with the Cauliflower Mosaic Virus (CaMV) gene IV (coat 
protein) and the gene VI (viroplasm protein) in antisense orientation (Passelegue 1995) 
although the level of resistance achieved still has to be assessed. 
1.3.4 Quality of the end product 
The cosmetic quality of the harvested vegetable product is at least as important as the 
yield (Withers 1990; Crisp and Tapse111993). The quality requirement in terms of colour, 
size, shape, texture, and absence of physiological defects are strict and any deviation for the 
quality type markedly decreases marketability (M.A.F.F. 1991). The organoleptic properties 
however of curd have so far been neglected in breeding programmes. These are invisible 
factors but likely to require more and more attention under pressure from the supermarket 
and consumer similar to moves already taken by consumers in refusing to accept bitter 
Brussels sprout varieties (Shaddick 1994). Most varieties of cauliflower are fairly bland with 
some exceptions (Withers 1990) but breeders have not yet substantially invested in this field. 
Consumers dislike the cauliflower cooking smell linked with their glucosinolate content 
(Herve 1979), and interestingly Crisp and Tapsell ( 1993) reported that there is genetic 
variation in the cauliflower gene pool for glucosinolate content. Vitamin content has been 
used for promoting cauliflower sales and recent work shows that some cultivars of 
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cauliflower contain up to 20% more vitamins than others (Long 1994a). Also medical studies 
have found that B. oleracea L. contains useful quantities of anti carcinogens (Fahey et al. 
1994). 
The shelf life of the crop is becoming more important since customers are shopping 
less often and need to store their vegetables longer (Shaddick 1994). Most studies have been 
conducted on the storage conditions in the marketing chain rather than plant breeding, and 
the impact of disease development through the marketing chain has so far been neglected by 
the plant breeder (Crisp and Tapselll993). 
1.3.5 New varieties 
Apart from the well established standard types of cauliflower and broccoli, 
supennarkets are willing to commercialise new 'exotic' varieties (Shaddick 1994) and 
seedhouses are releasing varieties with green, or orange cauliflower curd (Campoverde (Rijk 
Zwaan b.v), or Marmalade (S. Yates & Co Ltd,)). Andrew Gray at HRI Wellesboume 
developed new improved varieties of pointed romanesco type cauliflower (R91/33 (Eisoms 
Seeds Ltd.)) (Gray and Doyle 1994) and also white and purple sprouting broccoli (Red 
Arrow and Red Spear (Elsoms Seeds Ltd. and Tozer Seeds Ltd.)) (Gray 1993b). The 
problem encountered with these varieties is that they are available only for a short period of 
the year, too short for effective commercial promotion. The recent interest in these 'new' 
types of cauliflower and sprouting broccoli should help to preserve the B. oleracea L. gene 
pool. Indeed most of these 'new' types derive from the old Italian landraces which have been 
suffering genetic erosion in the past decade (see 1.2.1.2). There could be also, in the future 
production of new vegetables, from a wide range of species expressing the curd phenotype, 
since genetics of curd production is starting to be understood and curd may be induced by 
manipulation of the expression of a small number of genes (Y anofsky cited by Petit 1995). 
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Breeding trends can be grouped into four main categories depending on the origin of 
the pressure creating the need. New varieties will have to be adapted to : 
More demanding growers requesting better seed quality with less sibs, better flexibility 
for planting and harvesting, and varieties less susceptible to climatic variation. 
New more environmentally friendly cultural methods requiring varieties more 
resistant to pest and diseases and less demanding of fertiliser. 
New marketing trends requiring good storing capability, a more diversified crop range 
and a steadier supply. 
More demanding customers requesting better cosmetic and organoleptic quality and 
safer food free of pesticide residues. 
Achieving these objectives is a difficult task and requires access to a wide range of 
genetic resources and laboratory technologies by the seedhouse. The experience of their plant 
breeders is their main asset but the technologies based on plant cell culture and molecular 
biology are becoming central to effective plant breeding. The cost of these technologies is 
high and small companies will find it difficult to compete in the technological race. In many 
fields the fundamental knowledge is still too low and research investment is needed. 
Cauliflower suffers because it is not a globally economically important crop. Knowledge of 
curd development is scant and its use in plant cell tissue culture for breeding programmes 
superficial. The aim of the following subchapters will be to review tissue culture techniques, 
genetic transformation and cryopreservation procedures to identify potential uses of curd 
tissue material in crop improvement programmes. 
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1.4 Plant cell tissue culture in B. oleracea L. and related species 
1.4.1 In vitro organogenesis and micropropagation 
Shoot regeneration from plant tissue is central to the application of biotechnology to 
crop improvement (Sharma et al. 1990). Organogenic capacity of cultured tissue largely 
controls the efficiency of regeneration systems for genetically transformed plants, mutated 
lines or somaclonal variants. In vitro propagation systems are used for clonal multiplication 
(micropropagation) of elite genotypes such as haploid, male sterile and self-incompatible 
lines. Genome manipulation usually uses systems inducing neoformation of shoot meristems 
from single competent cells whereas micropropagation prefers culture of pre-existing 
meristems due to their higher genetic stability. Brassica spp. have been intensively studied 
for more than two decades and shoot regeneration has been achieved for cauliflower and 
broccoli from a wide range of explants (Table 2). Despite these investigations the nature and 
control of organ differentiation remains largely unexplained and most of the information is 
derived from empirical studies. This section summarises the information available on the 
physiology of shoot regeneration and the events associated with the organogenesis for 
Brassica spp. with a special focus on cauliflower. 
1.4.1.1 Physiological status of the initial explant 
One of the most important factors conditioning explant organogenic capacity is its 
initial physiological status; this status is influenced by many factors: 
Culture conditions of stock plants 
The culture conditions of the stock plants have a strong influence on the organogenic 
potential of the cultured tissue. For example Anderson and Carstens ( 1977) reported the 
dramatic influence of broccoli culture temperature on immature flower buds shoot 
regeneration ability. A strong effect of the culture season was also reported by Famham and 
Nelson (1993) who regenerated plants from stem segments of immature inflorescences. In 
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Table 2 : in vitro shoot regeneration system reported for cauliflower (var. botrylis ) and broccoli (var. italica ) 
Variety Explants used Highest Shoot Authors 
regeneration frequency (%) 
bOII)'Iis curd stem segments 100 Margara 1969 
botrytis leaf veins Buialli et al. 1974a 
bo11yris curd meristems • Crisp and Walkey 1974 
italica immature flower buds 63 Anderson and Carstens 1977 
italica immature flower buds 60 Torres el al. 1980a 
botrytis curd meristems 100 Li and Qiu 1981 
botrytis hypocotyl segments 24 Dieter! et al. 1982 
italica hypocotyl segments 95 Dieter! er al. 1982 
italica root segments 74 Lazzeri and Dunwell 1984a 
iralica leaf discs 70 Lazzeri and Dunwell 1986b 
italica hypocotyl segments 55 Lazzeri and Dunwell 1986b 
italica root segments 90 Lazzeri and Dunwell 1986b 
botrytis shoot tips • Yanmaz et al. 1986 
boll)•lis curd meristems • Y anmaz et al. 1986 
italica cotyledons 4 Murata and Orlon 1987 
botrytis cotyledons • Murata and Orlon 1987 
italica hypocotyl segments 10 Murata and Orlon 1987 
botrytis * Murata and Orlon 1987 
botrytis inflorescence axis segments * Singh 1988 
botrytis inflorescence axis segments 85 Christey and Earle 1988 
botrytis cotyledons 100 Horeau et aL 1988 
botrytis root segments 62 Horeau et aL 1988 
botrytis cotyledons 43 Na.rasimbulu and Chopra 1988 
botrytis inflorescence stem segments • Zarske 1988 
botrytis curd meristems 100 Zarske 1988 
botrytis hypocotyl segments • De Dlock et aL 1989 
botrytis immature petal * Turlon and Fuller 1989 
botrytis curd meristems 97 Kumar et al. 1992 
italica inflorescence stem segments 100 Fa.rnham and Nelson 1993 
botrytis cotyledons 38 Ovesno et aL 1993 
bollytis primary leaves 21 Ovesml et aL 1993 
botrytis hypocotyl segments 62 Ovesnll et aL 1993 
botrytis stem segments** 89 Ovesna er aL 1993 
botrytis leaves•• 31 Ovesnll et aL 1993 
bollytis stem segments ••• 80 Ovesna et aL 1993 
botrytis thin cell layer*** 37 Ovesna et aL 1993 
botrytis hypocotyl segments 80 Dash et aL 1995 
botrytis cotyledon petioles 70 Dash etaL 1995 
* Optimal shoot regeneration not reported •• of 30 days old plants ••• of field plants 
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practice to optimise the regeneration system it is necessary to limit mother plant exposure to 
unfavourable culture conditions (e.g. temperature too high or too low, drought). 
Stock plant age 
Many authors, using seedling explants, have reported an optimal age for organogenic 
response which varies with the species and more significantly with the tissue cultured : 
Cotyledon: 3-6 days old (Pua et al. 1989; Sharma et al. 1990; Hachey et al. 1991). 
Hypocotyl: 5-7 days old (Mukhopadhyay et al. 1992; Fuller personal communication). 
Root: 9-16 days old (Lazzeri and Dunwe111984a; Anuradha and Chopra 1989). 
Comparisons however are difficult because culture conditions are usually only partly 
reported. Age influences the degree of tissue differentiation and therefore it is likely to 
influence the number of cells remaining or able to become competent for shoot production. 
For cauliflower, optimal micropropagation was reported from curd explants not carrying 
fully developed flowers (Zarske 1988). The early 'marketable' stage is reported as optimal 
(Crisp and Walkey 1974) and this material can be stored at room temperature without a 
decline of shoot regeneration capacity for up to 8 days (Kumar et al. 1992). 
Explant position on stock plants 
This influence was first reported by Tran Thanh Van (l973b) who observed a 
gradient of regenerative capacity from thin tissue peels taken along the stem of flowering 
tobacco plants. Similar phenomena were reported for Brassica shoot regeneration along the 
flowering stem (Klimaszewska and Keller 1985), seedling hypocotyl (Yang et al. 1991; 
Fuller personal communication), root (Lazzeri and Dunwell1984a), mature stem (Horak et 
al. 1975) and cauliflower curd stem (Margara 1982). For roots, shoot regeneration occurred 
at the highest frequency with explants taken furthest from the root apex, for hypocotyl, the 
lower and upper segments are the most regenerative. These regenerative gradients have been 
attributed to the endogenous phytohormone concentration gradient. Recently Julliard et al. 
(1992) reported that a radial regeneration gradient of organogenic response was present in 
the stem of B. napus L., the superficial tissues were able to regenerate roots but not shoots 
and internal stem segments regenerated only shoots. 
Explant size and organisation 
To study organogenesis under the best conditions, small explants must be used to 
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limit both cell number in culture and explant internal complexity. Thin cell layers of stem 
tissue are optimal (Tran Thanh Van 1973a); even when no vascular tissue is present the cells 
keep their initial polarisation with more cell division and shoot regeneration occurring at the 
basal end (Pihakaski-Maunsbach et al. 1993). Polarisation is a common feature of all 
ex plants and is thought to be caused by the basipetal transport of auxin (Mohr and Schopfer 
1994). For root, hypocotyl and stem segments the highest regeneration is always reported at 
the apical cut end (Lazzeri and Dunwell 1984; Christey and Earle 1988; Fuller personal 
communication). Results of Julliard et al. ( 1992) and Pihakashi-Maunsbach et al. (1993) 
show that the location of the cells competent for shoot regeneration is also determined by 
inter cellular relations and that phloem plays an important role. Roots were reported to 
regenerate shoots only if cut into segments (W ong and Loh 1988), with 10 mm being 
optimal. For hypocotyl, smaller explants (1.25-2.5 mm) respond best (Lazzeri and Dunwell 
1986b) and for leaf discs, the number of regenerated shoots is proportional to the initial 
diameter of the explants. Regeneration mainly occurs systematically from the severed area 
provided that it is kept in contact with the culture medium. The acquisition of competency 
and shoot regeneration seems to be triggered in most cases by the wound response 
(Potrykus 1990). 
In the case of meristem culture, the size of the explant is also a key parameter. The 
smaller the explant the higher the probability to regenerate virus free plants. The use of small 
fragments of curd (curd meristems) (2 mm) has also been reported to be crucial to 
devernalize inflorescential meristems and produce shoots (Crisp and Walkey 1974). 
1.4.1.2 Culture media ingredients 
Basal salts 
The universal basal salt combination used in culture media organogenesis and 
micropropagation of Brassica spp. was described in 1962 by Murashige and Skoog (MS) 
(Kharb and Chowdhury 1995). All micro and macroelements are necessary for optimal 
medium efficiency (Sharma et al. 1990). The nitrogen source is especially important since 
variation in nitrate to ammonium ratio strongly affects the organogenic response as 
demonstrated for cauliflower (Margara 1969) and oilseed rape (Klimaszewska and Keller 
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1985). To obtain an optimal shoot regeneration a N03-: NIL!+ ratio of 2: 1 was 
recommended (Klimaszewska and Keller 1985); this is the ratio of the MS basal salt. 
Experimentation using cotyledons of B. juncea (L.) Czern showed that basal salts were not 
involved in the initial shoot induction phase and were not needed during the first three days 
of culture (Sharma et al. 1990). The shoot induction period for oil seed rape was reported to 
be four days (Julliard et al. 1992) and the first cellular changes occurred within the frrst day 
of culture (Pihakaski-Maunsbach et al. 1993). 
Amino acids 
Basu et al. (1989) suggested that amino acids play a regulatory role in Brassica 
organogenesis. They observed that optimal concentrations of L-leucine and L-isoleucine 
dramatically improved shoot regeneration from cabbage callus parallely repressing threonine 
deaminase (TD) activity while L-methionine and L-threonine only supported callus 
proliferation and parallely increased TD activity. 
Cultivation of small fragments of cauliflower curd ( < 1 mm) was reported to require 
the use of a complex medium containing a cocktail of amino acids (David et Margara 1979; 
1980; Margara 1982). 
Carbohydrates 
Carbohydrate supply is a key factor for the induction of organogenesis, without it no 
shoot regeneration is usually observed (Margara 1969; Sharma et al. 1990). Sucrose, 
glucose, maltose and mannose (Dunwell and Cornish 1978; Lazzeri and Dunwell1984a; 
Klimaszewska and Keller 1985; Sharma et al. 1990; Hodgson et al. 1991) have been 
evaluated. Sucrose was reported as the optimal component at 2 to 4% (Margara 1969; 
Lazzeri and Dunwell 1984a; Klimaszewska and Keller 1985; Murata and Orton 1987). 
Mannose is an inhibitor of shoot regeneration since it is accumulated as mannose-6-
phosphate, which cannot be metabolised in B. oleracea L. (Dunwell and Cornish 1978). 
Sucrose has a nutritional function and probably also a regulatory activity (see 
1.2.2.3). It is also important to note that during the first 3-4 days of culture (early shoot 
initiation phase) explant cells accumulate starch, especially where shoots are regenerated, 
which gradually disappears with subsequent cell division (Hor:llc et al. 1975; Julliard et al. 
1992; Pihakaski-Maunsbach et al. 1993). 
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Phytohormones 
(i) Organogenesis de novo 
Auxins and Cytokinins 
Phytohonnones, and especially the balance of auxin and cytokinin in the medium 
control organogenesis in tissue culture (Skoog and Miller 1957). A high ratio of cytokinin : 
auxin is expected to induce caulogenesis (shoot induction). Hac hey et al. ( 1991) 
demonstrated that the concentration of phytohonnone was also important even at a constant 
ratio. In most of the cases reported for Brassica spp. cytokinin alone or in combination with 
a low concentration of auxin induced the best level of shoot regeneration (Table 3). 
Nevertheless it is difficult to demonstrate the finding of Skoog and Miller universally 
because of the action of explant endogenous growth regulators (Shanna et al. 1990; 1991 ). 
They demonstrated that in B. juncea (L.) Czem cotyledonary explants the presence of the 
lamina was necessary for the induction of shoot regeneration at the petiole cut end and later 
found that the lamina produced an auxin-like substance which enabled competent cells at the 
cut end to regenerate shoots. 
Many different types of cytokinin have been investigated (BA, HA-Riboside, 
Kinetin, 2iP, Zeatine) but the N6-benzyladenine (BA) is almost always reported to induce 
the best response (Pua et al. 1989; Shanna et al. 1991). Increasing the concentration of BA 
often allows the number of shoots per explant to increase but reduces shoot quality due to 
hyperhydricity. Combination with auxin usually increases the frequency of regeneration and 
number of shoots recovered per explant but the balance must be adjusted precisely because 
sensitivity varies widely between species and type of explant (Dun well 1981 ), genotype 
(Julliard et al. 1992) and even between clones regenerated from a same explants during the 
phase of shoot proliferation (Deng et al. 1991 ). The most regularly reported auxins used are 
NAA and ffiA (Table 3) at conspicuously different concentrations, in fact NAA is ten times 
more active than ffiA (Dunwell1981). 
The duration of contact of the explant, especially the wounded area, with the 
phytohonnones of the culture medium, to induce caulogenesis, must be at least 3-5 days for 
cotyledonary ex plants of B. juncea (L.) Czem (Sharma et al. 1990) and 4 days for thin peel 
stem explants of B. napus L. (Julliard et al. 1992). 
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Table 3 : Phytohonnone combinations used to induce de ncn·o shoot regeneration using explonts from Brassica species 
Spe<:ies Explonts Au.dns (ma.l·l) 9:!okinin (m~.!· I) Gibberellin 
lOA IAA NAA Pi clam m Kin BA Zeal in AG3(mg.l·l) 
B. oleraua curd stem segments 1.2 2.2 2 
B. oleracea immature nower buds 2 
B. oferacea root segments 0.01 0.15 
B. napuJ stem lhin cell layer 0.5 10·15 
B. oferacea hypocotyl segments 0.1 0.1 
B. oleracea root segments 0.025 o.m5 
B. olerarea leaf discs 5 5 
B. carinala cotyledons 2 4 
B. oleracea internode segmeniS 5 
8. campestris cotyledons 
B. nigra cotyledons 4 
B. olerocea cotyledons 2 4 
B. juncea cotyledons 2 2 
B. napw cotyledons 
B. carinala cotyledons 2 4 
B. oleracea innorescence uis segments 
B. oleraua cotyledons 0.2 11.25 
B. oleracea roots 0.2 2.2S 
B. oltracea leaf discs 10 
8. alboglabro stem segmeniS 2 
B.]uru:ea cotyledons I 
B. campestris cotyledons 2 
B. campestris cotyledons 2 
B. ntlpus stem segments 0.02 
B. napw stem lhick cell layer 10 0.2 
B. oleracea oolyl<dons 0.1 5 
B. oleracUJ prinnry leaves 0.1 
B. oleracea hypoootyl,.gmentst 
B. oleracea stem segments•• 0.5 4 
B. oleracea leaves•• 0.5 4 
B. oleracea stem segments• •• 0.5 
B. oleracea thin cell layer••• 0.5 
B. oleracea hypocotyl segments 2 
B. oluacea cotyledonary petioles 2 
•• or 30 days old plants •••or field plants tafter lday on 1.0 mg.l·l 2.<1·0, 1.0 ms.l·l Kin 
Table 4 : Phytohormone combinolions used for shoot regenerntion from cauliflower curd meristem 
B11Sal salts Auxins (mg.l·l) Cl:!okinins (tnB.I·I! Aulhors 
IBA IAA NAA 2,4-D Kin BA 
LS 8 0.025 Pow 1969 
LS 8 2.5 Waltey and Woolfiu 1970 
LS 8 2.5 Crisp and Waltey 1974 
LS 8 2.5 Grolll and Crisp 1977 
LS 0.0.5 0.0.5 0.0.1 0.11 David and Mar3ara 1979 
NJOK 0.0.5 0.0.5 0.0.1 0.11 David and Margara 1979 
MS 0.1 Li and Qiu 1981 
MS 5 Tones et al. 1981a 
MS 1·5.0 0.4-4 Maroti and Bogol!r 1984 
MS 0.01-1 0.01·1 0.01·1 0.01·1 0.1·2.0 Yanmaz el al. 1986 
MS 5 0.3 2.5 Zorske 1988 
MS 0.1 Kumar e1al. 1992 
MS Kumar et al. 1993 
MS: Murashige and Sl<oog (1962), !.S: Unsmaier and Sl:oog (1965) wiihoul ihe optional components. 
NJOK: Margara (1977) 
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Authors 
Margara 1969 
Anderson and Comens 1977 
l..azzeri ond Dunwell 1984a 
Klillii1S2ewska ond Keller 1985 
Lazzerland Dun well 1986n 
Lazzerland Dunwelll986n 
l..azzerland Dunwelll986a 
Narnslmhulu and Chopra 1987 
Singh 1988 
Naraslmhulu and Chopra 1988 
Naraslmhulu and Chopra 1988 
Naraslmhulu and Chopra 1988 
Naraslmhulu and Chopra 1988 
Naraslmhulu and Chopra 1988 
Naraslmhulu and Chopra 1988 
Christey ond Eurle 1988 
Horeau et al. 1988 
Horeau et al. 1988 
Glendening and Sjolund 1988 
Puaet al. 1989 
Sharma ., al. 1990 
Hachey er al. 1991 
Mukhopodhyay el al. 1992 
Juliiard ., al. 1992 
Juliiard et al. 1992 
Ovesod et al. 1993 
Ovesnd. et al. 1993 
Ovesn4et al. 1993 
Ovesnd ., al. 1993 
Ovesnd er al. 1993 
Ovesn~ et al. 1993 
Ovesnd et al. 1993 
Dash~~ al. 1995 
DashetaL 1995 
Gibberellin 
Margara (1969; 1977) reported synergic activity of gibberellic acid on cauliflower 
stem ex plants shoot regeneration, but Sharma et al. ( 1991) found no beneficial effect on 
cotyledonary explants and Lazzeri and Dun well ( 1986a) found it inhibitory to growth and 
shoot regeneration from broccoli ex plants. High concentrations of gibberellin in combination 
with myo-inisitol have led to regeneration of inflorescential meristems producing curd in 
vitro from pieces of cauliflower curd stem (David et Margara 1980). 
Ethylene 
Modulation of ethylene activity by silver nitrate and silverthiosulphate has been 
reported very beneficial, especially on species considered refractory to shoot regeneration 
such as B. campestris L. (Mukhopadhyay et al. 1992; Radke et al. 1992). Nevertheless 
continuous exposure caused symptoms of hyperhydricity and Radkey et al. (1992) 
recommended exposure limited to the first seven days of culture. Other authors found no 
beneficial effect of silver nitrate, and some even inhibitory activity (De Block et al. 1989; 
Hachey et al. 1991). 
(ii) Organogenesis from pre-existing meristems 
Curd meristems cultivated on media without phytohormone failed to develop any 
shoots (David and Margara 1979) and the addition of cytokinin and auxin induced 
caulogenesis. The capacity for shoot regeneration is not fundamentally influenced by 
different ratios of cytokinin: auxin (David and Margara 1980; Yanmaz et al. 1986) 
nevertheless high auxin concentrations are recommended (Table 4) (David and Margara 
1980; Margara 1982). IAA, NAA and IBA are effective and 2,4-D induces concomitant 
callus proliferation (Y anmaz et al. 1986). The presence of cytokinin alone in the culture 
medium promotes inflorescential activity and production of a 'small curd' before shoot 
production, however this was not observed on small curd fragments (<1mm) where direct 
shoot production occurred in any case (David and Margara 1979). Shoots regenerated on 
medium containing cytokinin alone were reported to grow into rosettes (Kumar et al. 1993). 
Combinations of auxin and cytokinin are usually used and give more uniform results (David 
and Margara 1979). Gibberellin alone promotes stem elongation (David and Margara 1979; 
1980) and abscisic acid slows down the growth rate, induces abnormal development of 
33 
leaves, and inhibits root production (Wardle and Simpk.ins 1982). 
The key factors for shoot production are, according to Margara (1982), the excision 
of the meristem from the curd cutting meristem-meristem interactions and the addition of 
phytohorrnones enabling vegetative development of undetermined lateral meristems. Small 
explant size is also very favourable to shoot regeneration (Crisp and Walkey 1974). 
Gelling agents 
The use of a semi-solid culture medium has been reported as a key factor for optimal 
shoot regeneration from root segments (Lazzeri and Dunwell 1984a; Wong and Loh 1988), 
and thin cell layers (Klimaszewska and Keller 1985). For curd meristem however, the use 
of a low agar concentration (Kumar et al. 1992) or of a liquid culture medium, speeds up the 
process of shoot regeneration and increases the multiplication rate (Crisp and W alkey 1974; 
Grout and Crisp 1977) as observed in many other species (Debergh 1994). Unfortunately in 
liquid conditions the plants develop very turgid leaves, and many of them are totally 
hyperhydric making them very difficult to wean, but the transfer of plants onto a semi-solid 
medium enables them to harden and develop leaves which will sustain them during 
acclimatization (Grout and Crisp 1977). 
1.4.1.3 Culture environmental conditions 
Temperature 
Lazzeri and Dunwell ( 1986b) demonstrated that broccoli ex plants precultured at high 
(35°C) or low (4°C) temperatures did not improve their rate of organogenesis. In winter 
heading cauliflower Atherton et al. ( 1987) demonstrated that the lowest effective growth 
temperature could be very low (0°C), while Walkey et al. (1974) reported that temperatures 
above 30°C killed plants; the in vitro culture temperatures reported for this crop varied from 
l9°C to 27°C. For summer heading types the juvenile phase is short and in vitro cultivation 
at temperatures below 19°C (Crisp and Walkey 1974) can lead to curd induction, and Shah et 
al. (1993) reported curd and flower production in vitro. 
Gas exchanges 
Dunwell (1981) reported that increasing the volume of the culture vessel induced an 
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increase in leaf disc growth and root production in B. oleracea L., this was attributed to 
gaseous components such as ethylene which accumulate faster in small vessels. Furthermore 
Kozai et al. (1991) demonstrated that plantlets cultured in vitro have better growth in vessels 
with a high number of air changes per hour, due to a higher photosynthetic rate caused by 
the improved availability in C02, though without air change the C02 concentration of the 
vessel atmosphere was as low as IOOppm after 21 days of culture. 
Light intensity and spectral quality 
Light is an important factor controlling organogenesis. Explant cultivation in 
darkness was reported to show very low levels of organogenesis in thin cell layers of B. 
napus L. (Klimaszewska and Keller 1985) or no organogenesis at all for pieces of 
cauliflower curd stem (Margara 1969). Bagga et al. (1985) showed that in cauliflower stem 
callus, shoot regeneration can be induced by short exposure to red light, and Later Basu et 
al. (1990) reported that far-red light induced organogenesis, and red light callus 
proliferation, for the same material; the action offar-red light could be reversed by red light 
demonstrating the involvement of phytochrome. It is also interesting to note that 
phytochrome was reported to control the uptake ofL-Ieucine, which increases the level of 
shoot regeneration in the same system (Basu et al. 1990). 
A long photoperiod improves the frequency of shoot regeneration from thin cell 
layers of B. nap us L. (Kiimaszewska and Keller 1985), though Margara ( 1969) found that 
short photoperiods were more favourable for pieces of cauliflower curd stem, and Wong and 
Loh (1988) reported a system of root segment culture indifferent to the duration of 
photoperiod. A low light intensity (30 !J.E.m·2.s·I) was reported to be optimal for shoot 
regeneration from leaf discs and hypocotyl segments of broccoli whereas root segments 
preferred high intensity (100-200 !J.E.m·2.s·I) (Lazzeri and Dunwelll986b). Furthermore 
these authors emphasised the beneficial effect of using grolux type lights instead of white 
light due to emission in the 430-490 nm (Blue) and 630-680 nm (Red) wavelengths 
important for plant pigment function. 
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1.4.1.4 Rooting and Acclimatization 
Rooting 
The literature suggests that rooting shoots from Brassica spp. is not a problem, and 
often happens even with shoot induction media, particularly for cauliflower. The use of a 
lower salt concentration is commonly recommended as for B. carinata Braun by Yang et al. 
(1991). Transfer to a medium containing only auxin induced a high level of rooting but 
concentration affected different morphological responses; NAA was reported to produce 
smaller and feebler roots than mA and IAA (Singh 1988; Pua et al. 1989). It is important to 
remember that root growth is often partially inhibited by the auxin concentration needed to 
induce them (Lazzeri and Dunwelll986b; Debergh 1994). 
Acclimatization 
The transfer of propagules from in vitro conditions to the glasshouse is a key step 
since up to 90% of the plantlets can be lost for cauliflower (Grout and Crisp 1977). Plantlets 
growing in vitro develop leaves with very low development, if any, of palisade mesophyll 
cells (Grout and As ton 1978b), a reduced quantity of epicuticular wax (Grout and As ton 
1977) and constantly open stomata (Wardle et al. 1979). These abnormalities appear to be 
induced by the high humidity level in vitro and become dramatic in liquid culture systems 
(Grout and Crisp 1977). Transfer to low humidity level caused plantlets to experience 
excessive water loss and often to die. Furthermore Grout and Aston ( 1977) reported that the 
vascular connection between root and stem is often incomplete which restricts acropetal 
water transfer and contributes to wilting. In vitro culture conditions favour an heterotrophic 
mode of nutrition with a supplied carbon source in the culture medium; this does not direct 
the plant to develop photosynthetically active functional leaves. Their level of 
photosynthesis is very low (Grout and Crisp 1977; Grout and Aston 1978a; Grout and 
Donkin 1987) and after transfer the plantlets demonstrate negative carbon uptake for two 
weeks (Grout and As ton l978a) before production of new fully functional leaves. 
Optimal acclimatization required a careful hardening process of the vitro propagule to 
decrease the humidity level gradually (Grout and Crisp 1977). This can be achieved using 
different mist and fog propagators (for review see Preece and Sutter 1991). The use of a 
physical antitranspirant (polyvinyl resin) was reported to reduce cuticular transpiration but a 
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chemical antitranspirant (ABA) has no effect on stomatal transpiration of in vitro leaves 
(Wardle et al. 1979). 
1.4.1.5 Genetic stability and Somaclonal variation 
For most reported culture systems plants expressing phenotypic and genetic 
variation, in comparison with the mother plant, have been recovered. This genetic instability 
is induced in tissue culture by multiple causes {Karp 1994). Lazzeri (1982) reported frequent 
regeneration of polyploid plants from a diploid genotype, influenced by the organ cultured in 
broccoli. Root segments regenerated only 2% polyploid plants but with cotyledon discs this 
rose to 44%. This variation could be attributed to initial mixoploidy of the organ. Using pith 
callus of kale Hor3k et al. ( 1975) regenerated 92% polyploid plants. Somaclonal variation 
• o o o • • , • • o • • o , ·~ o 4o ., '<" p •., 0 ~ ~ 
was also correlated with the level of cellular orgiu'tisatiori. Regeneration from callus 
(disorganized tissue) generally leads to a high level of somaclonal variation and many 
'_:· . . . '. ·-·~·:·~~-d~i·· .. 
regeneration protocols reported for Brassica spp. involve a phase of callogenesis even if it is 
generally limited. Tissue culture was reported to activate retrotransposons (Hirochika 1993) 
which could be involved in the variability observed. Such transposons have been found in 
most plant species included B. campestris L. and Arabidopsis thaliana (Hirochika and 
Hirochika 1993). Jain et al. (1989) reported many somaclonal variants regenerated from 
cotyledonary callus of B.juncea (L.) Czem, including a dwarf plant and variation in oil 
content. They studied the inheritance of these characters and emphasised their agronomical 
interest for future breeding programmes. 
In meristems the cells are highly organised and virtually no somaclonal variation was 
reported provided that they were not damaged (Surya-Parkash et al. 1991). For cauliflower 
curd meristem culture the only defect reported has been occasional precocious flowering 
(Crisp and Walkey 1974), probably due to a partial devemalization, and occasional leaf 
variagation (Fuller personal comunication). 
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1.4.1.6 Genetic background 
Organogenesis has a genetic detenninism since response is highly species and 
genotype dependent (Baroncelli et al. 1973; 1974; Buiatti et al. l974a; 1974b), nevertheless 
the process of organ regeneration is complex and influenced by numerous factors and 
consequently it has been impossible to discover key genes in this pathway. In a diallele cross 
of six varieties of cauliflower Buiatti et al. ( l974a) found additive gene effects. The genetic 
structure of the genus Brassica with amphidiploid species and their parents allows interesting 
comparison of the different genomes for their organogenic ability. Dietert et al. ( 1982) 
compared the potential for callus growth and plant regeneration of six species of Brassica. 
He found that intraspecific variability was often as great as the interspecific and B. oleracea 
L. (Genome CC) was found to be the most reactive species. Murata and Orton ( 1987), 
studying the organogenetic capacity of cotyledonary explants of seven Brassica spp., found 
that only B. o/eracea L. and B. napus L. (genome AACC) exhibited a high frequency of 
shoot regeneration. They suggest that the gene(s) controlling shoot regeneration are localized 
in the C genome and also proposed additive gene effects since a tetraploid B. oleracea L. 
(genome CCCC) gave the highest regeneration rate. With the same type of explant 
Narasimhulu and Chopra ( 1988) observed a high level of shoot regeneration from B. 
oleracea L. but also from B. nigra (L.) Kock (genome BB) and noted that B. campestris L. 
(genome AA) responded very poorly. Indeed B. campestris L. is commonly reported as 
refractory and difficult for organogenesis. Similar results were reported for root culture by 
Lazzeri and Dunwell (1984a). 
1.4.1.7 Somatic embryogenesis 
Somatic embryos are independent bipolar structures analogous to zygotic embryos 
but produced from somatic cells (Lindsey and Jones 1989). They are of uttermost 
importance because they genetically confonn to their parent tissues and potentially can be 
mass produced being then ideal for plant propagation through artificial seed. They are also 
very interesting for genetic manipulation protocols since they are believed to derive from a 
single cell. In Brassica , somatic embryos were reported from five species including 
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Table 5 : Main prolocols for;, vitro production or somatic embryos in Dras.rica species 
Somalic emblyo species Dosal cullure media and phytohormones concentralion used Authors 
regenerated from Callus induction Somatic embryo induction 
Leor-derived calli D. oleracea MS IAA lmgJ-1 MS IAA 0.1-0.01 mg.l-1 Pareek and Chandm 1978 
(roulinow<r) Kin 0.5 mgJ-1 Kin 0.5 mgJ-1 
Hypocolyl protoplosl-derived D. napu1 8p 24-D 1.0 mg.l-1 KJ Zeatin 2 mg.l-1 Glimelius 1984 
miaocalll 8. campe.rtrls NAAO.I mgJ-1 IAA 0.1 mg.l-1 
8. olerat:ea OAP 0.5 mgJ-1 
(caulinower, Microcalli cullure 
broccoli) K3 24-D 0.1 mg.l-1 
BAP 1.0 mg.l-1 
Mesophyll protoplast and 8. oleracea DPD 24-D 0.5 mg.l-1 MS Kin3 mg.l-1 Fu er aL 1985 
mesophyll protoplast-derived (cabbage) Kin 1.0 mg.l-1 GAJ 0.1 mgJ-1 
calli Microrolli culture 
MS 2.4-D 0.1-0.5 mg.l-1 
Kin 3-4mg.l-l 
Mesophyll protoplasl-d<rived D. oleracea D 24-D 0. 25 mg.l-1 E IPA I mg.l-1 Jourdan and Earle 1985 
miaoc.alli (caulinower) NAA I mg.l-1 GAJ 0.02 mg.l-1 
BAP I mg.l-1 or 
Miaocalli cullure F NAA 0.1 mg.l-1 
c NAA 0.2 mg.l-1 DA0.5 mg.l·l 
BAP I mgJ-1 
Hypocolyl segment-derived 8. oleracea SH CPA 0.2 mg.l-1 SH CPA 2 mgJ-1 Redenbaugh er al. 1986 
rolli (caulinower) Kin 20 mg.l-1 Kin 0.65 mg.l-1 
ImmatUre sexual embryos 8. campe.stris No callus phose required os BA 0.05 mg.l-1 Maheswaran and Williams 1986 
1bin celllayer-d<rived calli B. 11igra MS NAA 0.5 mg.l-1 MS NAA 0.1 mg.l-1 alone KlillUl.'lzewska and Keller 1986 
BA 5 mg.l-1 or in combill31ion wiUt 
calli culture BA 2-5 mg.l-1 
MS 24-D 2mgJ-I 
Hypocolyl prOioplast-llerivcll B. 11apru MS 24-D I mgJ-1 MS NAA 0.1 mg.l-1 Kranz 1988 
susptnsion cullure Kin 0.02 mg.l-1 DA2 mgJ-1 
Hypocotyl protoplast-derived D. napus Bp 24-D I mg.l-1 MS DAJmg.l-1 Kirti 1988 
microcalli NAA 0.1 mg.l-1 GAJ 0.1 mgJ-1 
BA0.4 mgJ-1 
microcalli culture 
MS 24-D Jmg.l-1 
Immature sexual emblyos B. napus No callus phose required MS inorganic salts Quazi 1988 
x B. oleracea Cl7 amino ac and vilamins 
(kale) citric ac and Tri-K cUrate 
Mesophyll protoplas13 B.jUIICta No callus phase required M I- according to Eapen eta/. 1989 
M3 Li and Kohlenback 1982 
Hypocolyl protoplasls B.juncea No callus phase required MS 24-D 0.2-0.6 mg.l-1 Pua 1990 
BA 0. 2-0.6 mg.l-1 
Hypocolyl protoplast-derived B. ju11cea Kao 24-D I mg.l-1 MS 24-D 0.5 mg.l-1 Kirti and Chopra 1990 
microcnlli NAA 0.5 mg.l-1 NAA 0.5 mg.l-1 
Microcalli culture BA0.5 mg.~l 
K3 24-D 0.1 mg.l-1 
BAimg.l-1 
Hypocotyl segment-derived B.11igra MS 24-D I mg.~l MS NAA 0.1 mg.l-1 Guptaer aL 1990 
calli and protoplast-derived Kin I mg.l-1 Kin 1.0 mg.l-1 
microcalli AG3 1.0 mg.l-1 
Mesophyll protoplast-derived B. o/eracea Tand 2.4-D I mg.~ I T and 24-D I mg.l-1 Huai-Ming and 
calli (broccoli) G NAA I rug. I-I G NAA I mg.l-1 ScMrer-Menuhr 1990 
BAP 0.5 mg.l-1 BAP 0.5 mg.l-1 
Hypocotyl segmenls B. fligra No callus phose required MS CPA 2mg.l-l Narasirnhulu et aL 1992c 
Leaf explanls NAA 0.5 mg.l-1 
Adenine 0.5 mg.l-1 
Hypocolyl protoplast-derived D. oleracea 8p NAA 0.1 mg.l-1 K3 NAA 0.025 mg.l-1 Fransz et aL 1993 
microcalli (caulinower) BA0.5 mg.~l BA 0.025 mg.l-1 
Hypocotyl protoplast-derived B. napus KM( A) 24-D 1.0 mg.l-1 MS 2ip 5.0 mg.l-1, NAA Parihar er aL 1995 
microcalli NAA 0.1 mg.l-1 0.1 mg.I-I,GA30.001 
BA0.5mg.~l mg.l-1, AgN03 5 mg.l-1 
B, C, E,D: Pelletierer al. 1983; Cl7 : Jemcn 1976; K3: Nagy w1d Maliga 1976; Kao: Kao 19n; KM(A) Kao wul Mickayluk 1980; 
MS Murashlge and Skoog 1962; SH Schenk and Hildebrandt 1972; Bp: Kao and Michayluck 1975; T: Schll!er-Menuhr 1989; 
G: Girma er al. 1989. 
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cauliflower (B. oleracea L.) (Table 5). Direct production of somatic embryos was reported 
from immature zygotic embryos (Maheswaran and Williams 1986; Quazi 1988) and 
protoplasts (Eapen et al. 1989; Pua 1990; Narasimhulu et al. 1992) but in most of the 
reported protocols indirect production of somatic embryos occurred from calli or cell 
suspensions (Table 5). 
Maheswaran and Williams ( 1986) described conditions necessary for direct 
embryogenesis : firstly cells must have a particular pre-embryogenic determined state, 
secondly, a loss of control of normal cell-cell interaction and tissue polarity, and finally a 
continuing stimulus for mitotic division. It is assumed that for indirect embryogenesis the 
conditions are similar and can be fulfilled following a sequential process as described by 
Kirti (1988) and Kranz (1988): dedifferentiated growth is induced cutting cell interaction, 
calli culture enable cells to divide and develop their morphogenetic propensity (Kirti 1988) in 
a medium rich in auxin usually 2.4-D. Kranz (1988) demonstrated the importance of using 
cells in their stationary phase to successfully induce somatic embryogenesis. The 
embryogenic potential is then expressed usually after transfer to a medium with a reduced 
concentration in auxin often devoid of2.4-D or containing a weaker auxin (Pareek and 
Chandra 1974; Klimaszewska and Keller 1986; Kirti 1988; Kranz 1988; Gupta et al. 1990; 
Kirti and Chopra 1990) (Table 5) in the presence of a cytokinin which was in some cases 
reported as the key factor (Parihar et al. 1995). Other nutritional factors, for example the 
nitrogen supply, are important (Narasimhulu et al. 1992) but have been poorly studied in 
Brassica species. Furthermore, Gibberellic acid (GA3) was found in B. nigra (L.) Kock calli 
to markedly stimulate production of somatic embryos. In some reports spontaneous 
secondary embryogenesis on older somatic embryos occurs repeatedly (Pareek and Chandra 
1978; Maheswaran and Williams 1986) however a reduction of phytohormone and sucrose 
concentration stopped this phenomenon (Maheswaran and Williams 1986). Successful plant 
recovery implies a good maturation of the somatic embryos and control of their physiology. 
This aspect has so far been largely neglected for Brassica species in comparison with work 
carried out on species such as alfalfa or carrot (For review see Redenbaugh 1993 and Onishi 
et al. 1994 ). 
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Most of the protocols for genome manipulation in Brassica spp. (genetic 
transformation, mutagenesis, somaclonal variation) are using shoot regeneration capacity 
from seedling explants (hypocotyl, cotyledon). Organogenic capacity of cultured tissue has 
been extensively studied and many factors influencing and controlling the organogenic 
response have been discovered (explant physiological status, medium content in amino 
acids, carbohydrates as well as its phytohormone balance, light spectral quality and plant 
genetic background). However understanding of the phenomenon of shoot regeneration 
remains partial and regeneration systems are still notoriously inefficient especially in the case 
of Agrobacterium-mediated transformation of cauliflower. 
For micropropagation the most developed systems use meristem or shoot tip culture 
since little work has been devoted to somatic embryogenesis. For cauliflower, production of 
somatic embryos remains a difficult and uncertain task (Branchard personal communication). 
Micropropagation of cauliflower is carried out from curd meristematic tissue and the potential 
of this tissue seems much greater than the current protocols in use allow (Crisp and Tapsell 
1993). 
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1.4.2 Protoplast culture 
Protoplast culture is an active field of plant cell tissue culture in Brassica with reports 
of success for most of its crop species (Table 6). It is important in plant breeding as a 
recipient for genetic transformation (Thomzik and Hain 1990) and it is also suitable for 
fusion of complete or partial nuclear or cytoplasmic genomes (Bauer 1990) enabling transfer 
of cytoplasmic traits (Pelletier et al. 1983; Cardi and Earle 1995), creation of new species 
(Gleba and Hoffman 1980) or resynthesis of amphidiploid species such as B. napus L. 
(Terada et al. 1987). Controlling protoplast culture in a wide range of species is of great 
importance to increase the genetic pool of useful traits available. 
1.4.2.1 Protoplast isolation 
Many different tissues have been used as sources of protoplasts (Table 6). The 
physiological stage of the organ used is one of the most important factors conditioning 
success: the optimal organ or cell suspension age must be adjusted (Klimaswenska and 
Keller 1985; Nishio et al. 1987; Jaiswal et al. 1990; Narasimhulu et al. 1992b) as well as 
seedling culture conditions especially illumination (Zhao et al. 1994; 1995a,b ). 
Combinations of cellulase, pectinase and sometime hemicellulase are used (Table 7) in 
highly concentrated solutions to obtain stable protoplasts with very dense cytoplasm (Pauk et 
al. 1991 ). To optimize protoplast release, viability (Lee and Loh 1988) and regeneration 
capacity (Bauer 1988), tissues must be pre-plasmolysed for at least one hour before 
extraction in a highly concentrated solution (Glimelius 1984; Chuong et al. 1987; Zhao et al. 
1995a). Temperature (Aggarwal et al. 1982), pH (Lee and Loh 1988) and age of tissue 
(Bauer 1988; Jaiswal et al. 1990) affect enzymatic activity. Digestion is usually performed 
overnight in standard conditions at 25°C and with mild agitation (Shillito and Saul 1988). 
For a quicker digestion, increasing enzyme concentration is efficient (Bauer 1988; London et 
al. 1989), but high concentration decreases protoplast viability (Narasimhulu et al. 1992b) 
probably due to toxic associated enzymatic activities. After filtration through a mesh (40-60 
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Table 6: Main n:por1td prolocol (or culturo of protoplut from Brruslca species (scc also previous Table !i) 
Species T1UUCS I1Kd Platin& dc:nsiry 
8. NZ~JVWStris 
B.junrw 
8. rCUfiJWSiris 
B.nopUJ 
B.oleraua (cabbage) 
B. """PUUU 
8. rtDpUS 
B.junna 
B.nl,.. 
B. olernua (cauliflower. 
broccoli) 
B.olrracta (brca:oli) 
B. olnnc~ (cabbage) 
mcscphyll 
maophyll 
-
-
-h)'p<lrolyl 
hypocolyl 
hypocoryl 
h)'p<lrolyi 
hypocolyl 
h)'p<lrolyi 
m""!'hy\1 
muophyll 
B. oleracea (culiflower) mesophyll 
B. olenr~ (bnxcoli) 
B. ctui1t01a 
B.nq&as 
B.juntta 
B.NJPUJ 
B. plmJUQ (cabbage) 
B.alboJialna 
B.alborlabra 
me.ophyU 
hypo<o!YI 
m""!'hyU 
maophyU 
m""!'hyU 
'""' hypo<o!YI 
B.oluru:ftl (au.liflowcr, mcsophyD 
Bnu:sds sprouts. 
~) a:llmsp:nsioa 
B. PIU«~ (cabbage) mesophyll 
B. alboalab.a hypocolyl 
B.NipW 
B.ctJlJip«Jiris 
B.napw 
B.jwrua 
B.oltracUJ (cauliflower, 
broccoli, 
cabbaJc. 
Bruuds sprouts, 
!We, 
Kohlllbi) 
B.JrmutJ 
B. ""P"S 
B.c~rtlls 
B. ohrdcN (cabb:lp, 
IWc) 
B.Mp<U 
B. PlnocUJ (broc:coli) 
8. carinaiO 
mesophyll 
m""!'hYII 
mcsophyll 
mcsophyll 
m""!'hyU 
mcsophyll 
meoophyll 
meoopbyC 
m""!'hyll 
m""!'hyll 
h)'p<lrolyl 
mesophyU 
meoophyD 
mcsophyU 
mesophyC 
hypo<o!YI 
mesophyU 
COIJiedoo 
B. olmu:eo (cauliflower) mcsopbyU 
B. DlmiCN (broccol1) h)'JIOCOf)'l 
B. oltraetG (cwlif'lower, mciOphyll md 
lm>m>li) hypaeoly\ 
B. olmzcftl (CIIlliflovcr) hypocotyl 
B.""''"' hypocolyl 
B. camp~nri$ h)'pOCOryl 
B.IIDpUJ cell ampcmion 
B.jlllUetJ dem COI1a. 
B. olnvt"~ (cmliflowcr) mesophyD 
B. C'171inatD hypocotyl 
B. oltrtteto (cau1iflawcr, bypocotyl and 
bn>ca>Ul m""!'hYU 
B. olnrlcm (cauliflower) hypocotyt 
B. olrr«tJJ (at~liflower, 
broc:coli. 
Bruuels sprouzs, 
cabbage) 
B. olnacm 
hypocol)'l 
hypocol)'l 
hypocoly\ 
hypocol)'l 
mesophyll 
B. oltracto (cmliflower) in~ 
B. arm,w1rris 
8.11t1pUI 
B.<mnp<nrls 
B.Dllracto (caallflower, 
cablqe) 
Protoplasllll 104/ml 
0.1-10.0 
0.1-10.0 
2.5-3.0 
2~'5·3D 
2..5-JD 
B 
B 
2.l 
2.l 
B 
2.l 
5.0 
5.0 
B 
20.0 
5.0.10.0 
5.0.10D 
10.0 
10.0 
50.0 
50.0 
40.0 
400 
400 
10 
100 
2.l 
2.! 
2.l 
2.l 
2.l 
2.l 
2.l 
B 
2.l 
lO 
80 
2.1.0 
2.l 
100 
lO 
2.114.0 
S.D-10.0 
S.D-10.0 
5.0.10.0 
3.l 
60 
60 
lO 
10.0 
lO 
lO 
O.l 
lO 
lO 
lO 
lO 
l.O 
1.0 
60 
IOD 
IOD 
IOD 
10.0 
100 
rtrs1 division Plaling crncicncy calli rcgmcralinc 
'k '~&)' ....... 
6 
19 
14 
34 
67 
42 
27 
42 
11 
40-70 
lD 
15-70 
10-15 
20-33 
22-49 
20-54 
10 
10.82 
6-71 
l4/l4 
W2S 
40/36 
42-46 
so 
0.8 
22-30 
13-36 
26-36 
18-37 
ll-42 
ll-36 
22-3l 
48 
71 
0.70 
11-37 
33 
42-Sl 
11-14 
lO 
45-63 
11 
22-49 
10.54 
l-49 
1-21 
12-43 
0 
3.5 
1-2 
02-0.6 
B-29 
6-23 
0.6 
0.1/0.03 
O.Ol/0.01 
0.31008 
O.l-13 
21 
0.2 
4-5 
0 
2-l 
4-l 
l-l 
4-l 
H 
2-4 
S-8 
1-2 
0-4l 
1-2 
O.l 
O.l 
1-7 
1·2 
>I 
1B 
1-1 
1-l 
2·7 
8·1l 
0 
19 
11 
10 
80 
20SB 
45-85 
13-71 
21 
S-20 
0 
0.20 
0-47 
18 
11 
llll8 
4M6 
9114S 
)().99 
<I 
<1·14 
2-45 
0-47 
0.10 
B-30 
l0-65. 
1-6 
J6 
17 
S6 
0.76 
•ES 
70 
45-60 
8-17 
18-26 
80 
0.39 
22 
70-90ES 
0.7 
93 
ll-74 
>80 
47-6l 
~2 
IO.l 
1-S6 
Z7-6l 
6-57 
2·20 
1-13 
2·20 
0 
9-23 
• data DOII'qJOI"'cd 
Aulhon 
Agguwal tlol. 1982. 
A&P"'~I trol. 1982 
Xueral. 1982 
Xutrol. 1982 
Xu tl al. 1982 
Glimclius 1984 
Glimclius 1984 
Glimc1ius 1984 
G1imclius 1984 
Glimclius 1984 
GlimcliiU 1984 
Robcrtson er al. 1984 
Fu tf al. 1985 
Jourdan ~·al. 1985 
Rob:tucm and Elrle 1986 
Chuong et al. 1987 
Kao and Sccuin-•wartz 1987 
Kao and Sc&uin-n.,atl.r. 1987 
klimasz.c••ka and Kcllcr 1987 
Nilhio er al. 1987 
l'ull1987 
Pu•l987 
Baucr 19SB 
Baucr 1988 
Bauer 1988 
Kodurol. 1981 
Lee and Lob 1988 
Millamrral. 1988 
Jourdan and Eartc 1989 
Jourdan and Eulc 1989 
Jourdaa and Eartc 1919 
lourdan and Eartc 1989 
lounho and l!ute 1989 
Jourdan and Ea.rlc 1989 
-and l!ute 1989 
.lomdonandEadc 1989 
lounlan and Ea<lc 1989 
K irti aod 01opra 1989 
Loadonnctl. 1989 
l.ondoC~erol. 1989 
I.Dndon ef al. 1989 
I..omoaerGI. 1989 
Puul!c:n and Nielsen 1989 
Huai-Min& and Schlrcr-Mtnuhr 1990 
Jaiswal ,, al. 1990 
Jourdan n aJ. 1990 
Kaoeral. 1990 
Wohm and Eu1e 1\190 
WaileR and Eule 11190 
Mukhopadhyay er al. 1991 
Paukeral. 1991 
Paak" al. 1991 
Sim:ntonds cl al. 1991 
Bonfilseral. 1992 
Dclplerrc and Boccon-Oibod 1992 
Nm:simhulueraJ. 1992b 
Bocniare:r and Elscnga I 991 
Bocrriglc:r and Ebenga 1991 
Fr=ueral. 1993 
Fransut or. 1994 
Fnns.u1al. 1994 
fransJ ~' al. 1994 
Fransutal. 1994 
Hanseo and Eartc I 994 
Yang11al. 1994 
71wut al. 1994 
ZMo er al. 199Sa.b 
Zhao ~~ tZI. 199!a,b 
Zhao tl cl. 199Sa,b 
Zhao ltf al. 1995a.b 
1. Patenb.p: ofprotoplasl ondtf&oina lhc lint cfivls.ioa 1fttr J..B days of culture (following aulhon) 
y Pllllns efficiency"' frequency of pro10plas1 formina colooies ES.., Regeneration by Soma1ie Embryogenesis 
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J..lm) protoplasts are pelleted by low speed centrifugation and purified by sedimentation 
(Kohlenback et al. 1982; Aggarwall 1982) or flotation on a sucrose pad (Glimelius 1984; 
Kao et al. 1990) or a percoll pad (London et al. 1989). In 1991, Millam et al. (1991) 
compared the three systems using B. napus L. mesophyll protoplasts. They reported that the 
sucrose flotation technique had the lowest recovery yield (26%) but produced highly purified 
protoplasts. They also recorded modification in protoplast population distribution with loss 
of chloroplastic (non-vacuolated) protoplasts by sucrose flotation and loss of vacuolated 
protoplasts by the two other methods. 
The protoplast yield depends on the tissue source, and the extraction and purification 
protocol (Table 7). The best yields were reported for extraction from young leaves 
(mesophyll): 1,9. l07P/gFW (protoplasts produced per gramme (fresh weight) of digested 
tissue) (Bauer 1988), 1.1 Q7P/gFW (Delpierre and Boccon-Gibod 1992). Heterogeneous 
populations of varying cell sizes, cytoplasmic density, and chloroplast number are 
commonly recovered in Brassica protoplasts (Bonfils et al. 1992) and reflect the complexity 
of the initial tissues used (Jourdan and Earle 1991). 
1.4.2.3 Cell viability and cell wall resynthesis 
Protoplasts regenerate their cell wall before undergoing the first division. Recently 
Zhao et al. (1995) reported that for some cotyledon protoplasts, cell wall regeneration began 
as early as 2-4 h following isolation. Protoplast ability to divide (or viability) can be 
monitored after extraction by checking plasmalemma integrity using the stains Evans blue 
(Kanai and Edwards 1973) or fluorescein diacetate (FDA) (Widholm 1972) or by checking 
tonoplast integrity with neutral red (Basham and Baterman 1975). All these techniques give 
the proportion of living cells but no real indication about meristematic activity. Often a high 
viability is reported but a far lower percentage of cells reach division (Bauer 1988; Delpierre 
and Boccon-Gibod 1992). 
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TaNc 7 : Re-ported condiliCI1 used ror Dr.lS5iC3. protopbstlsobllon 
Species lissut a5c:'d l!n~lic soluLIOil Di&estion Process or Prolopbsl Aulh<n 
CtUalase fl,<1lmso dur.u.ion pnifirn.Uoo y;<ldt 
arw:S 1-knlioellubs.e(•) (hrs) 
B. CXJ111Palris, 8. Dleraua. bypcxolyl l'l. ttllulysio 0.1 '11 macrrasc 16-18 nota Lion O.OS• OUmcUos 1984 
s.m,m,ap,~aruzpa bypo«•YI lll.ecUutyEio O.l~mxensc 16-18 llouulon 0.0.5• OUm:Uos 1984 
B.nlgm celbsu.spmston IIIJOoazukaRIO 1 ... Rhozyme HPllO(•) 
'"'"15 sedlment.alion 1.2 Kli.auszenskaand Ktller 1986 
.... Drls:c We 
B. DlLI'dUa mesaphyll 2%ceUalyllo 1% Maoerca.yme S-6 notalion l-S Rob:rtscxl and Earlel986 
05,. DriMbse 
B- napw sltmcortt'l I,.OnozukaRIO 1,. Maceroz~ 17-18 flota~on 8,4.9,0 Klimaszensb and Keller 1987 
B. olriTJCftJ 
-11 l'llo Oooz.tlka RI 0 6 flotation 18.7 Baun 1988 celll susp:nsion oms, HUPC O.OS'I! Pektattyase 8.7 Baun 1988 
0.25'1> Druelase 
B-alboglobm """'PII)'U lii>OnalutaRIO 0.211J MBQ:rozymc 16 KCI.menlalloo 0.38 Ue and Lob 1988 
0~ ... .,...,. .... 
B. cumpt1rri1. B. mpw. mesopii)'U o~ ... Cellol)>io O.lSIIJ M:l~rozyme 16 flotalloo 1-l lollfd.lnandl!.u'le 1989 
B. junc~tJ. 8. (1/emcm mesaphyll O.INDrisclasc 16 flolalion 1-l Jourdanand Bark11989 
B- aulnDta _ .. doll 0.3'1. Mcloetase 0.02'1:1 Pectolyase Yll 16 scdimcntalloo O.D8-0.Q9 .. Jalsvn.l d al. I~ 
B. Dloucea hypo< .. ,.. l'loOnazo.taRIO O.l'llo Pectolyase Y2l 14-18 flolatlon 0.04-0.09• KaoetaL 1990 
B.olnTJCI!tJ mnq>hyl O.N Ooozota RIO O.l'iL Pt:ctolyase YZJ 16 Ootallon 10 Detpcrrc and Boccoo-Oibod 1991 
B. mrlnnta """'PII)'U 0..5% Onoz.ota RIO 0.02S'J,. PeelOiyasc Y2l 16 Oolallon Naraslmhulu era/. 1992b 
B-olm!ua mnq>hyll 0.6'1> CeUol)>in O.Y4 M3CCTOZ)'Ine 17·20 noLalion l-12 Ha.nse11 and Earle 1994 
0.1 w, Driselase 
B. aurrptJrriJ cotyledon I% Ooozuta RIO O.lfl, Pettolyase Yll 18-20 llouulon 0.1113 .. ZbaOI!!Ia/, 1994a 
o.os~ M3oet~ 
0.1 If, HemlecUubse(•) 
t Mlltion pr01.oplasts per gramme or frtsh tissue • protopbsl yitld p:r bypocotyl •• prou:pbsl yield per cayledm 
Table 8 : Caraclftislic:s of lte diloiJon llep of Rponed protocol f« Brtwitr1. prolopl&st cultoR 
Sp<cies Tiuoe llSitd Time or dE fiM lnltlal YOiumc volume added Tin'll:(s)ofr'l!w Authc ... 
dHiu~(d:lyo) (ml) imll dillDUon(&) 
8. ~llriJ, B. olerru:tll hypoc..,.l 7-10 :!orO.l 0.5-1 evny 2-l dlys{J.l·S) Glimetius 198-1 
El jvnc~ B. nisra. a ~ hypo<..,. I 7-10 ::! orO.l 0.5-1 ~\-"CfY 2-3 <bys Cx J-5) GlimeUus 1984 
8. nigro O:Ususp:-nsion 21-t2 
"""' 
K.Hnuszrnsta and Kelkr 19S6 
B. olemcea 
-II)'U 6 0~ 0.1-0.2 CWTY 2 dlys tl:!) Robtnson and Bar le 1986 
8. alboglabm stemlhypxolyl 7 • 10 S ml every 7 cbys Ptla 1987 
B. DltrrJUtJ -~~ 3-S ·~ 0.1S 3-4 days ble'r BaDtr 1988 B. oltrtJCetJ teU SCsp!osiOD 3-S ·~ 0.1S Hd3ysb.~r Bauer 1988 B-junua hypo< .. ,.. 7 1 days later Kinl and Cbop'a 1989 
a C'ORIJ'Urril. a olem«rJ, """'P'')'U 10.12 0~ 0.2 ew:ry 3-4 dlfl (1. 2) lourdm and l!>rlo 1989 
a tUIPW. a ju.tlcm 
-11 10.12 0~ 0.2 evtry 3-4 d.lys (ll 2) lourdm and 8arlc 1989 8. mmptJrrl.s, B. DtJPW. """'P'')'U 7 every adxT dJy Londoondl. 1989 
B.ofe~tJ """'P'')'Il e"'")' Olbtr cby Loodon t!lal. 1989 
8-twpW hypo:OI.yl 3-S 00"' Poolsm and Niebeo 1989 
B. Ctlrinara cotyl.!'don s Sand IOdJya bttr Ja!swal et al. 1990 
B.oluauo -~~ 10.14 05 0.2 3 d.J)'& laiC'I' lourdm er al. 1990 8-jun=J &ltmoomx 7 ·~ 0.1S 14 days brrr Bonflb ~al. 1992 B. oJetCJatJ 
-11 0.2 4, 8 and 11 cbys bter De~ne and Boccon-Gibod 1992 a auina~a hypo:OCyl 3 days blt1 Na.rulmtmlu ttal. 1992b 
• dala 001 rtporled 
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1.4.2.3 Protoplast culture 
A critical step in protoplast in vitro culture is the first week after extraction when the 
cells must regenerate their cell wall and undergo the first division. Three main factors are 
critical: plating density, environmental conditions, culture media. 
Plating density 
Brassica need a high plating density to undergo division (Table 6). The media, 
protoplast species and cultivar influence the optimal protoplast density (Klimaswenska and 
Keller 1985). In standard culture conditions the minimum efficient density reported for B. 
oleracea L. was 2.5.104P/ml (protoplasts per millilitre of culture medium) (Giimelius 1984; 
Jourdan and Earle 1989) and the maximum reported density was 40.1 04P/ml (Bauer 1988) 
(Table 6). This limit on density is partially caused by the stimulating effect it has on 
production of brown precipitate (polyphenol) during culture (Lee and Loh 1987). This 
precipitate is a major problem in Brassica protoplasts when cultured in liquid medium 
(Jourdan and Earle 1989; London et al. 1989; Narasimhulu et al. 1992b). 
Low density cultures are required for cell manipulation technologies. Different 
approaches have been reported: 
Decrease the amount of media, and grow protoplasts in liquid or semi-solid droplets 
(Sundberg and Glimelius 1986). Using microdroplets of a few !J.L, Spangenberg et al. 
( 1985) achieved the culture of single B. napus L. protoplasts. 
Use a small volume of culture medium in combination with a feed cell layer (Waiters and 
Earle 1990; Boerrigter and Elsenga 1993). This method allowed culture of 10-100 B. 
oleracea L. isolated protoplasts (Waiters and Earle 1990). Independently, the feed cell layer 
techniques enabled protoplast culture from previously recalcitrant genotypes of B. campestris 
L. (Waiter and Earle 1990) and Raphanus sativus L. (Hagimori and Nagaoka 1992). 
Environmental conditions 
During the first week of culture, protoplasts are very light sensitive. High light 
intensities (>201J.E.m-2.s-I) reduce protoplast vigour (Shillito and Saul 1988) and increase 
polyphenol production (Bauer 1988). Protoplasts were generally grown in darkness for 2 
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days (Robertson and Earle 1986) to 7 days (Kirti and Chopra 1989; Bonfils et al. 1992) or in 
low intensity such as 7J!E.m-2.s-l (Kiimazenska and Keller 1987) for 12-14 days. 
Incubation temperature varies between 20°C (Nishio et al. 1987) and 28°C (Pelletier 
etal.l983;Pauketal.1991). 
Culture media 
(i) Basal media 
Successful protoplast culture follows complex protocols which usually involve up to 
four media steps : 
Initiation media 
Many media have been tried to induce protoplast development. Among these media 
two groups can be distinguished : 
Media rich in organic compounds developed by Kao, 8p (Kao and Mickayluck 1975; 
modified by Glimelius 1984), K9 (Kao 1977; modified by Kao et al. 1990), A (Kao and 
Mickayluck 1981; modified by Glimelius 1984). 
Media comparatively poor in organic compounds, B (Pelletier et al. 1983) 
derived from B5 (Gamborg et al. 1968), several variants of MS (Murashige and Skoog 1962 
modified by Pua 1987; Koda et al. 1988; Millam et al. 1988), S 1 (Schenck and Robbelen 
1982), K3 (Nagy and Maliga 1976). 
The 8p was initially developed with the idea that the protoplast membrane was 
responsible for an excessive diffusion of metabolic intermediates into the medium, making 
them unable to survive under an adjusted high plating density. To decrease plating density, 
Kao and Michayluk (1975) enriched their medium with many metabolic intermediates and 
grew Vicia hajostana at a very low population density (25-50 P/ml). For Brassica species 
this medium appears efficient with modification (Glimelius 1988) but never at such a low 
density (Lee and Loh 1988; Poulsen and Nielsen 1989; Jaiswal et al. 1990; Jourdan et al. 
1990). The most usual 'poor in organic elements' medium used is the B medium belonging 
to the set of media developed by Pelletier et al. (1983) for B. napus L. and further 
successfully used for B. oleracea L. (Robertson and Earle 1986, 1989; Jourdan et al. 1990; 
Hansen and Earle 1994) and B.juncea (L.) Czem (Bonfils et al. 1992). 
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Dilution media 
The addition of fresh media is a critical step since dilution too soon or with too much 
medium will inhibit colony development (Loudon et al. 1989). It seems that a high osmotic 
pressure is not a disadvantage in the first cell division, and explains why many authors 
reduce it after a few weeks (Nishio et al. 1987).1t is clear that to sustain high cell division at 
the level of the microcolony, decreasing the osmoticum is compulsory (Klimaswenska and 
Keller 1987), dilutions are usually done gradually with a similar initial medium containing a 
lower osmoticum (Table 8). 
Microcolony proliferation media 
This medium is not a general feature, many authors simply diluted their initial 
medium until the calli reached a size able to sustain shoot regeneration; their dilution medium 
is adapted for calli growth. Others used a special medium for calli proliferation with special 
requirement for higher micronutrient concentration (Pelletier et al. 1983), different 
phytohormone cocktail and a gelling agent (Loudon et al. 1989; Delpierre and Boccon-Gibod 
1992). 
Shoot regeneration media 
The optimal size of calli for efficient shoot induction was reported to be between 0.5 
mm (Glimelius 1984) and 3.5 mm in diameter (Jaiswall et al. 1990).lt is well reported that 
calli which are too small cannot regenerate shoots at a high level but on the other hand it is 
clear that high regeneration frequency is also linked with organogenesis induction done as 
early as possible (Glimelius 1984; Nishio et al. 1987). After this, the phytohormone cocktail 
is the most important conditioning factor, this includes use of AgN03 for controlling the 
ethylene effect (Pauk et al. 1991). Basal media used for shoot regeneration are very variable 
but derived from known media poor in organic compounds. 
(ii) Phytohormones 
The requirement for phytohormones varies during the different steps of protoplast 
culture: inducing, cell dedifferentiation and division; promoting calli proliferation; shoot 
regeneration. Nishio et al. ( 1987) reported that generally from the first to the final step, there 
should be a gradual decrease of auxin level and a gradual increase of cytokinin level. In the 
initiation medium a high level of auxin is required (Giimelius 1984). The best solution 
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reported is a combination of 2,4 D (2,4-dichlorophenoxyacetic acid) and NAA 
(naphthaleneacetic acid) (Table 9). The 'strong' auxin 2,4 D is essential throughout the 
dedifferentiated growth stage of culture (Poulsen and Nielsen 1989; Bauer 1988; Nishio et 
al. 1987; Kao and Seguin-Swartz 1987) since it appears that NAA alone induces necrosis or 
very low frequency of division (Giimelius 1984; Kao and Seguin-Swartz 1987; Pua 1987). 
A low level of cytokinin is also required with no major differences in the cytokinin used 
(Giimelius 1984) and are rarely omitted (Millam et al. 1988) (Table 9). During the dilution 
step many authors (eg. Bauer 1988) maintain the same phytohormone concentration rich in 
2,4 D. Nevertheless others reported that a decrease (Narasimhulu et al. 1992b) or an 
omission of 2,4 D was favourable to colony formation (Pelletier et al. 1983; Poulsen and 
Nielsen 1989). 
It is clear that proliferation of calli is achieved by using 2,4 D, but the auxin/cytokinin 
balance is variable. Different reports reveal successful use of a balance in favour of auxin 
(Pelletier et al. 1983; Sikdar et al. 1987; Kirti and Chopra 1989) or in cytokinin (Bauer 1988; 
Poulsen and Nielsen 1989; Narasimhulu et al. 1992b) (Table 10). Fransz et al. (1993) 
reported that in cauliflower 2,4 D directs the mode of regeneration by suppressing somatic 
embryogenesis in favour of shoot regeneration. They also reported in agreement with Nishio 
et al. (1987) that shoot regeneration was highly influenced by the hormonal constitution of 
the calli proliferation medium. According to these workers, the regeneration capacity of 
callus is determined at an early stage of culture, and the phytohormone balance as well as the 
2,4 D concentration in proliferation medium are key factors in obtaining a high shoot 
regeneration level later. 
Shoot regeneration media usually have a high cytokinin/auxin ratio (Table 11), and a 
common observation is that a good phytohormone cocktail for shoot regeneration is poor for 
calli proliferation (Giimelius 1984; Pua 1987; Bauer 1988). The optimal phytohormone 
composition is genotype-dependent (Giimelius 1984; Pua 1987). 2,4 D is found to inhibit 
shoot regeneration (Pua 1987), and a low level of gibberellin (GA3) is reported to be 
favourable; Sikdar et al. ( 1987) indicated a decrease in shoot regeneration frequency of one 
third in the absence of GA3. 
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Table 9: Phytohormone combination reported in initial Brussica protoplast culture media 
Species Tissue used Auxins (mg.~l) Cytokinins (mg.l-1) Authors 
2.4·0 NAA BAP Zenlln Kioetin 
B. Mpus meso(:l1yll 0.25 1.0 1.0 Pellellor er al. 1983 
B. campestris, B. olerocea. hypocolyl 1.0 0.1 o.s Glimelius 1984 
B. nopus. B. nigrtJ. B. ju1rcea hypocolyl 1.0 0.1 o.s Glimelius 1984 
B. oleracea meso(ilyll 0.5 1.0 Fu tlal. 1985 
B. nisra meso(ilyll 0.1 1.0 0.5 Klimanenska and Kellor 1986 
B. Mpus. B. juncea meso(ilyll 0.5 0.2 0.2 Kno and Seguin-Swartz 1987 
8. olerncea meso(ilyll 2.0 0..1 1.0 Nlshlo er al. 1987 
B. alboglllbro &lem/hypocotyl 0.2 0.2 Pual987 
B. oleracea meso(ilyll 0.5 0.2 0.2 Dauer 1988 
B. oleracea cell suspension 0.5 0.2 0.2 Bauer 1988 
B. napu.r meso(ilyll 0.25 0..1 MillomelaL 1988 
B. napu1, B. campestri.s, meso(ilyll 1.0 0.1 0.5 Londoner at 1989 
B. oleraua meso(ilyll 1.0 0.1 0.5 London er al. 1989 
B. napus hypocolyl 1.0 0.1 0.5 Poulsen and Nielsen 1989 
B. ohraua mesn(ilyll 0.5 0.2 0.2 Dtlpierre and Jloccon-Gibod 1992 
B. corillllla hypocolyl 1.0 0.1 0.5 NllnlSimhulu er aL 1992b 
Toble 10 :Phytohormone combinalion reported for Brass lea prolopiBSI·derived callus pt~liferalion 
Species Tissue used Auxins (mg.l-1) !}!okininins (mg.l-1) AUlhors 
2.4-D NAA BAP Kioelin 
B. napus mesophyll 1.0 1.0 Pelleller er al. 1983 
B. campesrris. B. olerocea, hypocolyl 1.0 0.1 0..1 Glimelius 1984 
B. napus. B. nigrtJ. B. juncea hypoCOiyl 1.0 0.1 0..1 Glimelius 1984 
B. oleracea mesophyll 0.1-0..1 3.0-4.0 Fu" al. 1985 
B. oleracea mesophyll 0.5 s.o N~hio e1 al. 1987 
B. olerac.ea mesophyll 0.02 2.0 Douer 1988 
B. oleracea cell suspension 0.02 2.0 Bnuer 1988 
B. napus mesophyll 0.25 0.25 0.5 Millamelal. 1988 
8. jUIICttJ hypoC<IIyl 1.0 0.1 Kirti nnd Chopra 1989 
8. IIOpuS hypoanyi 0.06 0.1 0.5 Poulsen and Nielsen 1989 
B. oleracea mesophyil 0.5 0.2 0.2 Delpierre and Boccon-Gibod 1992 
B. carinata hypocotyl 0.1 1.0 Narasimhulu el al. 1992b 
Table 11 : Phytohonnone combinalion rerorted for shoot regeneration from Brassica proloplasl-<lerlved callus 
Species Tissue used Auxins (mg.i-1) Cylotininins (mg.i·l) Gibberellin Authors 
NAA IAA BAP Zeatin IPA Kinelin AGJ (mg.l- I) 
B. napus mcsophyli 1.0 1.0 0.02 Pelletier et al. 1983 
B.napu.r hypocolyi 0.1 2.0 Glimeiius 1984 
B. campestris hypocolyl 0.1 0.3 1.0 Glimelius 1984 
B. oleracea mesophyli 3.0 0.1 Fuetal. 1985 
B.napu.r slem cortex 3.0 Klimaszenska and Kelier 1987 
B. napus. B. juiiCea mesophyli 0.1 2.0 Kan nnd Seguin-Swortz 1987 
B. oleracea mesophyll 1.0 0.035 NishioetaL 1987 
8. carillllta hypocolyi o.s 5.0 Chuong e1 al. 1987 
B. alboglabra Slem/hypocolyi 0.25 Pua 1987 
B. aleracea hypocolyi 1.0 0.04 Bauer 1988 
B. oleracea cell suspension 1.0 0.04 Bauer 1988 
8. campestril, B. oleracea, mesophyli 1.0 1.0 0.02 Jourdan and Ealle 1989 
B. jun<ea, B. napus mesophyli 1.0 1.0 0.02 Jousdan nnd Ealle 1989 
B. napus. B. campesrris. mesophyll 0.1 0.3 1.0 l.oodon ., al 1989 
B. oleracea mesophyli 0.1 0.3 1.0 London et al. 1989 
B.juttcea hypocolyi 0.1 2.0 2.0• Kini and Chopn1 1989 
B. napw. B. campestris hypocolyl 0.1 o.s 0.5 Pauk el aL 1991 
B. oleracea mesophyli 0.02 2.0 Dtlplerre aod Boccon-Gibod 1992 
B. carinata hypocolyl 2.0 Narasimhulu et al. 1992b 
• Zea1in riboside 
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(iii) Osmoticum and carbon source 
The osmotic potential of the initial medium must be between 400 and 700 mOs.kg 
H20-I (Shillito and Saul 1988) and is gradually decreased during the culture. When the 
osmoticum consists of one sugar or sugar alcohol the result is species-dependent, eg. B. 
napus L. preferred glucose, B.juncea (L.) Czem sucrose. When a combination is used this 
species effect disappears and the best combination involves sucrose at 0.28 M with the 
second element more species variable (Kiimaswenska and Keller 1985; Kao and Seguin-
Swartz 1987; Simmonds et al.I991). Loudon et al. (1989) using B. oleracea L., reported 
that for initial development glucose was better but for plating efficiency maltose was more 
interesting than the usual sucrose based media. Unfortunately no other author reports tests 
on maltose. 
(iv) Gelling agent 
Four major systems of protoplast culture have been assessed : 
- Liquid system followed by a culture of calli for growth and shoot regeneration on a solid 
medium. This second step is common for all the systems (Giimelius 1984). 
- Sucrose I Ficoll protoplast flotation culture system (Chuong et al. 1987). 
- Bed system with the protoplasts embedded in a droplet or in a layer of low gelling agarose 
(Pauk et al. 1991; Simmonds et al. 1991). 
- 'Mixed' system in which protoplasts in liquid medium are laid on an agarose layer 
(Simmonds et al. 1991; Bonfils et al. 1992). 
Liquid culture media are reported as efficient but with Brassica protoplasts they 
quickly lead to a brown phenolic precipitate, disturbing or stopping cell division (Giimelius 
1984). One strategy to overcome this problem is to increase the speed of growth to obtain 
colonies able to sustain further growth before phenolic precipitation. The floating system is 
reported to increase early protoplast division (Millam et al. 1988) and plating efficiency 
(Chuong et al. 1987; Klimaswenska and Keller 1987; Simmonds et al. 1991). Embedding 
cells in agarose is reported to increase the plating efficiency compared with liquid systems 
(Jaiswall et al. 1990) and to overcome very effectively the brown precipitate (Kirti and 
Chopra 1989; Jourdan et al. 1990; Pauk et al. 1991). 'Mixed' systems are reported as very 
efficient in increasing the division rate (Simmonds et al. 1991; Bonfils et al. 1992). The 
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positive effect is thought to be due to an improvement in protoplast gas exchange as for the 
floating system (Simmonds et a/!991; Bonfils et al. 1992). Further, microcalli and calli 
growth is much more rapid when cultured on semi-solid medium (Glimelius 1984) with 
agarose and gelrite being superior to agar (Koda et al. 1988). 
1.4.2.4 Protocol efficiency 
To check the efficiency of protoplast culture, different assessments are used : 
Cell viability after protoplast extraction : a high value is necessary but does not ensure 
success. 
Frequency of first division among the plated protoplasts: this is an important step but it is 
often difficult to correlate it to success (Simrnonds et al. 1991). 
Plating efficiency (PE), defined as the frequency of protoplasts fonning colonies. This is a 
reliable way to check protoplast culture efficiency. A problem is that authors do not use PE 
in a standard way so that it is sometimes difficult to compare results. 
Frequency of shoot regeneration, this is the most important test and is dependant on the 
success of all the others. 
The time of the frrst division is influenced by the initial tissue used (Glimelius 1984), 
the genotype (Robertson and Earle 1986; Zhao et al. 1995a), medium (Narasirnhulu et al. 
1992b) and the culture system (Pauk et al. 1991 ). The frequency of cells undergoing the first 
division was studied by Pua ( 1987) for different protoplast sources used. He found the best 
rate for stem protoplasts followed by hypocotyl, cotyledons and lastly leaf tissue. More 
recently Zhao et al. (1995a) demonstrated that cell division increased linearly from I to 7 
days after culture highlighting the variability in cell populations. This frequency is also 
highly species and genotype dependent (Jourdan and Earle 1989; Zhao et al. 1995a) (Table 
6). The plating efficiency is the best way to assess protocol efficiency, usually less than 10 
percent of the protoplasts can develop into microcolonies (Table 6). For cauliflower the best 
reported plating efficiency was 2-7% (Fransz et al. 1994). Jourdan and Earle ( 1989) tested 
more than 65 different genotypes and gathered them into two response groups : 
B. oleracea L. and B. napus L. yielded protoplasts able to divide and fonn colonies at high 
frequency, and regenerated shoots at variable frequency. 
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The others (B. campestris L., B. juncea (L.) Czern, Raphanus sativus L.), which typically 
exhibited low plating efficiency and little if any shoot regeneration. 
An interesting point is that efficient genotypes responded well on all tested media, 
highlighting the dramatic influence of the nuclear background (Jourdan et al. 1990). As 
previously reported for organogenesis (see 1.4.1.6), the C genome of B. oleracea L. is seen 
as the most responsive in Brassica spp. for protoplast culture ability (Jourdan and Earle 
1989). The cytoplasmic genotype was reported to have only a minor effect (Jourdan et al. 
1990). The overall success of the protocol depends on the ability to regenerate 
phenotypically normal plants by organogenesis or somatic embryogenesis. Regeneration is 
usually successful (Table 6) even if highly genotype dependent (Jourdan and Earle 1989). 
Systems however are impeded by the occurrence of phenotypic abnonnalities (somaclonal 
variation) including: apical degeneration, rugose leaves, variegated plants, albino plants, 
floral abnonnalities and polycotyledonous plantlets, and twin seedlings in the progeny 
(Robertson and Earle 1986; Bauer 1988; Jourdan et al. 1990). These abnonnalities are 
reported, in the worse cases to reach 5-10% of the regenerated plants, and to be proportional 
to the duration of the general protoplast culture process (Jourdan et al. 1989). 
Chromosome counts usually reveal nonnal diploid plants but tetraploid and even 
aneuploid plants are also recovered. Hansen and Ear le ( 1994) reported regeneration of only 
65% diploid with 33% of tetraploids and some mixoploids for B. oleracea L.. Pua (1987) 
reported production of an aneuploid among a majority of diploids plants. Hansen and Earle 
(1994) reported that spontaneous protoplast fusion was induced by the cellulase cellulysin. It 
was also demonstrated however that heterogeneity of freshly isolated protoplasts was not 
only cytological but also genetical with cells of different ploidy. Chen et al. (1994) 
demonstrated that this variability exists in the initial tissue and that the proportion of 
polyploid cells increased with organ age. Recently the mitochondrial DNA of regenerated 
plants of broccoli (Kao et al. 1990) and cauliflower (Jourdan et al. 1990) have been studied 
and no alteration reported; the plastid genome also appears fairly stable with no major 
rearrangement (Jourdan et al. 1989). 
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Protoplast culture in the genus Brassica is well established. The tissue source used 
shows variable totipotence and in vitro grown shoot and hypocotyl from seedlings are the 
most effective tissues. Nevertheless, reproducibility is commonly reported as bad (Jourdan 
et al. 1990); this problem can be attributed to the high level of interaction between the 
environment and genotype. Very little work has been developed to understand the influence 
of environment on physiological tissue stage and protoplast culture ability. On the other 
hand, genotypic factors have been extensively studied and evidence for nuclear genome 
control reported. With responsive genotypes much work has reported improvements in the 
basic technique, but this work has focussed on the fact that the optimal requirements are 
genotype dependent and the development of a 'universal' protocol seems in some way 
Utopian. The major disadvantage of the technique is the level of somaclonal variation 
induced by the dedifferentiated step. The best way to limit this it is to reduce the duration of 
this step by inducing somatic embryogenesis. Unfortunately, reports of production of 
somatic embryos in Brassica spp. are scarce (see 1.4.3.5), with a variable response and a 
strong genotype dependence. 
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1.4.3 Genetic transfonnation 
1.4.3.1 Process of Brassica transformation 
Transfer of foreign genes for heterologous expression in Brassica has been 
accomplished by several techniques: polyethylene glycol (PEG) mediated transformation of 
protoplasts by direct plasmid uptake B. napus L. (Golz et al. 1990), B. oleracea L. 
(Mukhopadhyaya et al. 1991) and B. nigra (L.) Kock (Gupta et al. 1993); electroporation 
mediated transformation of B. oleracea L. protoplasts (Eimert and Siegemund 1992) and B. 
napus L. microspores (Jardinaud et al. 1993); and microinjection of DNA into microspore-
derived embryoids of B. napus L. (Neuhaus et al. 1987). The most important process 
however uses the gene transfer ability of the soil gram negative bacteria of the genus 
Agrobacterium (for review see Hooykas 1989). A wide range of Brassica spp. have been 
transformed with A. tumefaciens or A. rhizogenes harbouring the wild or disarmed chimeric 
Ti (Tumor-inducing) plasmid or the Ri (Root-inducing) plasmid (Table 12). 
Agrobacterium-mediated transformation of crop plants depends on two essential 
requirements (Boulter et al. 1990): firstly the effective methodology for stable gene transfer; 
and secondly the ability to regenerate and select fertile transformed plants. 
Factors affecting Agrobacterium-mediated gene transfer 
Effective gene transfer depends on the infecting ability of the Agrobacterium strain 
used since for a given strain infection can vary with the Brassica spp. tested (Ohlsson and 
Eriksson 1988; Millams 1989). For optimal efficiency the inoculation is usually carried out 
with bacteria in late log growth phase (Shillito and Saul 1985) and bacterial virulence has 
been reported as being enhanced by the addition of acetosyringone to the coculture medium 
(Boulter et al. 1990; Mukhopadhyay et al. 1992) and reduced in presence of 2,4-D (Pen tal et 
al. 1993; Gupta et al. 1993). The duration of the cocultivation is also an important parameter 
and has to be optimised with the plant culture system used (Narasirnhulu et al. 1992a). In 
most protocols cocultivation is performed in the dark, but Damgaard and Rasmussen (1991) 
reported that light has a highly significant stimulating effect on A. rhizogenes infection of B. 
napus L. 
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Effective transfonnation is also highly dependent on the competence of plant cells for 
integrative transfonnation and plant regeneration. Potrykus (1990a) reported that the most 
effective biological trigger stimulating cells which are potentially competent for regeneration 
(and probably transfonnation) to the competent state is the wound response. The 
dedifferentiated cells often appear to be the targeted cells during transformation. It has been 
demonstrated that a brief preculture of ex plants prior to inoculation was beneficial probably 
because this allowed division of the competent cells and also reduced the cumulative stresses 
of explant production and infection which often induce loss of competence hypersensitive 
response (Fry et al. 1987; Srivastava et al. 1988; Barfield et al. 1991; Mukhopadhyay et al. 
1992). Feeder cells layers have also been reported as beneficial during preculture and 
cocultivation for both cell transfonnation and shoot regeneration (Yu and Shao 1988; 
Christey and Earle 1988; Boulter et al. 1990; Radke et al. 1992; Nishio et al. 1992). 
One of the main methodological problems in transfonnation is that often the 
competent cells are not at the immediate surface of the ex plants and therefore not accessible 
to Agrobacterium infection (Mukhopadhyay et al. 1992). To overcome this difficulty several 
methods of inoculation have been developed: 
(i) direct incubation in bacterial solution (De Block et al. 1989); 
(ii) deposit of bacterial solution (usually A. rhizogenes) on the cut end of the ex plants 
(Hosoki et al. 1991); 
(iii) pricking tissue or seed with a needle dipped in the bacterial solution 
(Damgaard and Rasmussen 1991; Eimert et al. 1992); 
(v) vacuum infiltration of the bacterial solution into tissues or whole plants 
(Bechtold et al. 1993). 
Factors affecting regeneration and selection of transformed plants 
Regeneration is a key point for success in transfonnation but despite good response 
from Brassica spp. (see 1.4.1 ), regeneration from transfonned cells often remains difficult 
(Yu and Shao 1988; Eimert and Siegemund 1992; Passelegue 1995). It is clear that any 
improvement in the regeneration system usually leads to an improvement of the rate of 
transfonnation. For instance several authors report that the key influence on regeneration of 
57 
transformed plants is the addition to the regeneration medium of silver-nitrate (AgN03}, an 
inhibitor of ethylene (De Block et al. 1989; Barfield and Pua 1991; Radke et al. 1992; Pental 
et al. 1993). Culture conditions, especially phytohormone combinations required for 
regeneration during the transformation procedures, are more precise than non-selective 
conditions (Barfield and Pua 1991; Radke et al. 1992). The protocol used for selection 
during plant regeneration has to be carefully adjusted to the regeneration system otherwise it 
either encourages 'escapes' (regeneration of non transformed plant) or totally inhibits plant 
regeneration (Sacristan et al. 1988; Golz et al. 1990; Thomsik and Rain 1990; Gupta et al. 
1993). This is especially relevant when kanamycin resistance is used as a selectable marker 
(Table 12) and some authors even recommend that selection is postponed for a short 'period 
of recovery' in order to successfully regenerate transformants (Boulter et al. 1990; 
Narasimhulu et al. 1992a; Gupta et al. 1993). 
In protocols for Agrobacterium-mediated transformation of protoplasts, a big 
problem is the high mortality caused by cocultivation with the bacteria (Ohlsson and 
Eriksson 1988). Successful transformation uses techniques for low density culture such as 
bed-type culture where cells are embedded in low-temperature-gelling agarose (Ohlsson and 
Eriksson 1988; Sacristan et al. 1989; Thornzik and Rain 1990). 
Transformation using A. rhizogenes simplifies the selection procedure because it 
induces transformed roots exhibiting a 'hairy root' phenotype which is easily identified 
(Hosoki et al. 1991; Damgaard and Rasmussen 1991; Christey and Sinclair 1992;). Plant 
regeneration from transformed roots however is difficult, and regenerated plants frequently 
exhibit the hairy root phenotype not compatible with agronomical use (Boulter et al. 1990). 
Several protocols have been developed to overcome problems of in vitro plant 
regeneration : 
(i) A. rhizogenes infection on hypocotyls of B. napus L. with an intact root system 
gave rise to direct shoot formation from the infection site in 13-58% of the cases 
with 9-30% of transformed shoots (Damgaard and Rasmussen 1991); 
(ii) use of the natural ability of certain wild A. tumefaciens to induce tumor 
regenerating spontaneously stable transformed plants : strain C58 (Srivastava et 
al. 1988), strain 82.139 (Passelegue 1995). In this case coinfection with both 
58 
wild and disarmed strains enabled natural regeneration of transformants not 
carrying the oncogenic T -DNA but only the gene of interest; 
(iii) in planta transformation of cell lines which give rise to pollen mother cells and 
subsequently to transformed pollen enabling the production of fully transformed 
plants through natural fertilisation and seed setting (Feldmann and Marks 1987; 
Bechtold et al. 1993). 
Protocol efficiency 
Molecular analysis has revealed that during cell transformation one to five insertion 
events occur (Mukhopadhyay et al. 1992; Radke et al. 1992; Moloney et al. 1989; De Block 
et al. 1989). When multicopies are transferred tandem insertion is observed (Fry et al. 
1987). Rearrangement in the transgene can occur with several reports of deletions (Radke et 
al. 1992; De Block et al. 1991). A large range of expression of the transgene is usually 
reported (Barfield and Pua 1991; De Block et al. 1989) and the reason for this variability is 
not well understood but seems complex with cis-regulation, chromosomal location effects, 
methylation, and transacting factors possibly involved (De Block et al. 1991). 
Transformation rate is defined as the number of explants producing transformed 
shoots for every one hundred inoculated ex plants. Rates vary both between Brassica species 
and protocol used (Table 12). Highly efficient protocols using A. tumefaciens were reported 
for the most important Brassica species: B. napus L. (Fry et al. 1987; De Block et al. 1989; 
Moloney et al. 1989), B. oleracea L. (De Block et al. 1989; Lee et al. 1994), B. campestris 
L. (Mukhopadhyay et al. 1992) and B. juncea (L.) Czern (Pen tal et al. 1993), but 
repeatability seems poor and extension to other systems difficult. Transformation protocols 
using A. rhizogenes are more promising but the elimination of the hairy root phenotype of 
the transgenic plants is laborious requiring an initial eo-transformation with disarmed and Ri 
T-DNA which enables later segregation in the progeny of the gene of interest from the 
oncogenic T-DNA responsible for the unwanted phenotype (Berthornieu and Jouanin 1992; 
Boulter et al. 1990). Despite many sucesses for Agrobacterium-mediated transformation in 
Brassica species, gene transfer in cauliflower remains a difficult task (Eimert and Siegmund 
1992; A vesmi et al. 1993; Passelegue 1995). 
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1.4.3.2 Gene transfer by micro-projectile bombardment 
(syn. biological ballistic, Biolistic®) 
To date the most widely used technique for plant genetic transformation has involved 
the use of the biological vectors Agrobacterium tumefaciens and A. rhizogenes (see 
1.4.3.1). Their use however is limited becauseAgrobacterium strains are ineffective in non-
host plant species such as monocotyledons, and relatively inefficient in others such as 
cauliflower. Potrykus ( 1990a) explained this phenomenon by the lack of typical wound 
response in these species, as it is a wound which usually induces some neighbouring cells to 
become competent for transformation, in most monocotyledons these neighbouring cells die 
and Agrobacterium misses its target. Several strategies to circumvent these problems have 
been successfully experimented. They have involved direct DNA transfer using micro-
injection into tissues, electroporation or polyethylene glycol mediated transformation of 
protoplasts, and biological ballistics (Potrykus 1992). This latter technique uses accelerated 
micro-projectiles coated with DNA as the vector to penetrate cells (Sanford et al. 1987). 
Biological ballistics has the important advantage of direct gene transfer, which depends on 
the physical parameters of the particles and accelerating device used, and dramatically 
simplify the methodology of plant genetic transformation (Sanford 1990). 
Technologies available 
At least six particle-gun designs (Table 13) have been reported but only the Biolistic® 
PDS-1000/He system is currently widely commercially available (Bio-Rad Laboratories Inc 
have exclusivity on the license of the Biolistic® technology covered by twelve patents owned 
by E.l. du Pont de Nemours and Company). 
All devices are constructed to accelerate micro-projectiles, made of high-density 
metals carrying DNA adsorbed on their surface, to a high-velocity, enabling them to breach 
the cell wall and cell membranes (Sanford 1990). Cells can survive penetration of several 
particles without loss of viability (KJein et al. 1987). 
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Table 13 :Reported devices for micro-projectile bombardment 
Particle-gun design 
Biolistic® 
(Sanford et nl. 1987; 
Klein et al. 1987) 
Biolistic® 
{Kikkert, 1993) 
Pneumatic porticle-gun 
(Lida et al. 1990) 
Electric discharge device 
(ACCELL"' technology) 
(Me Cabe eta/. 1988; 
Me Cabe and Christou. 1993) 
Ballistic micro-targeting 
(Sauner eta/. 1991; 
Sauller, 1993) 
Particle Innow Gun 
{Takeuchi eta/. 1992; 
Finer et al. 1992; Vain et al. 1993; 
Gray et al. 1994) 
Driving force Particles occelerating 
support 
Explosion of a 22 nylon 
caliber blank charge macro-projectile 
Expansion of compressed He macro-projectile 
(3103 KPa-15169 KPa) (Kapton membrane) 
Expansion of compressed air macro-projectile 
(8300 KPa·l9607 KPn) 
High voltage electric 
discharge (10 KV-16 KV 
from 2 ).lF capacitor) 
Expansion of compressed 
He, N2, or C02 
(3500 KPa-15000 KPa) 
Metali;wd mylar 
carrier sheet 
gas stream 
Expansion of compressed He gas stream 
(276 KPa-830 KPa) 
Targeted Cost 
area 
>I cm high 
>I cm high 
>I cm high 
>I cm high 
downto high 
0.1 cm 
>I cm low 
• Device marketed by the Dupont company, now replaced by the Biolistic PDS-1000/He system marketed 
by Bi<>-Rad Laboratories, Inc. 
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Commercially 
available 
no• 
yes 
no 
yes 
DO 
DO 
The driving force used in early designs (Sanford et al. 1987) was supplied by the 
explosion of a charge of gunpowder but due to regulatory concerns (firearms legislation) and 
inconvenience of manipulation other technologies have been developed. Currently devices 
use a high voltage electrical discharge (Me Cabe et al. 1988) or expansion of pressurized gas 
(Sautter et al. 1991; Finer et al. 1992; Takeuchi et al. 1992; Kikkert 1993; Gray et al. 1994). 
Micro-particles are accelerated by a macro-carrier or in a gas stream; the use of a gas stream 
requires shooting in a partial vacuum to reduce the drag on the particles and limit the tissue 
damage by dispersion of the gas prior to impact (Finer et al. 1992). The vacuum also 
contributes to the pressure difference which may be responsible for efficient particle 
acceleration. Pressurized helium is preferred due to its low mass and high diffusivity 
(Takeuchi et al. 1992). 
Only one reported device (Sautter et al. 1992) allows an area as small as 100 Jlrn in 
diameter, such as a meristem, to be targetted (Potrykus 1992). The other devices target 
larger areas (several centimetres in diameter) with a very limited control on particle 
dispersion (Klein et al. 1988; Finer et al. 1992). 
Range of application 
Biological ballistic transformation has no host range restriction (Klein et al. 1987). 
Stable transformants have been recovered in the main agricultural plant species with a 
tremendous interest in the monocotyledons : wheat (Becker et al. 1994), maize (Gordon-
Kamm et al. 1990; Vain et al. 1993; Lowe et al. 1995), rice (Christou et al. 1991; 1992; Li et 
al. 1993), oat (Somerset al. 1992), barley (Ritala et al. 1995), tritordeum (Barcelo et al. 
1994), sugarcane (Gambley et al. 1993), banana (Sagi et al. 1995) and also some 
dicotyledons such as tobacco (Klein et al. 1988c) soybean (Me Cabe et al. 1988) and cotton 
(Finer and Me Mullen 1990). Stable transformants have also been recovered from animals 
(rainbow trout, zebraflsh), insects (fruit fly), algae (Chlamydomonas reinhardtii), fungi 
(Saccharomyces cerevisiae) and bacteria (Escherichia coli) (for extensive review see Bio-Rad 
Laboratories, Inc catalogue 1994). Ballistics is almost unique in that it allows the 
transformation of organelles (Butow and Fox 1990) : yeast mitochondria (Johnston et al. 
1988) and tobacco chloroplasts (Maliga 1993; Me Bride et al. 1995) . 
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Chosen tissues are many and various but embryogenic cell culture and immature 
embryos producing embryogenic calli have so far been the main targets used but tremendous 
interest is being devoted to the transformation of vegetative meristerns (Me Cabe et al. 1988; 
Gambley et al. 1993; Schnall and Weissinger 1993; Low et al. 1995), and the immature 
inflorescence (Dupuis and Pace 1993; Barcelo et al. 1994; Leduc et al. 1994). The ultimate 
target for direct gene transfer which avoids the tissue culture step is the pollen grain (Twell et 
al. 1991) or immature embryogenic pollen, which would allow regeneration of haploid 
transformants (Stoger et al. 1995). Stable pollen transformation however appears to be a 
very difficult task (Li et al. 1994) and most of the efforts are now directed to the 
transformation of the sporogenic tissues (L2 meristem cell layer) with very interesting 
preliminary results recently published on micro-targeting of immature spikes of wheat 
(Leduc et al. 1994). 
Factors affecting transformation efficiency 
The efficiency of gene transfer by micro-projectile bombardment is highly dependent 
on various physical parameters that influence particle momentum and distribution upon the 
target tissue (Klein et al. 1991 ). 
Micro-projectiles 
(i) Particles 
The potential for cell penetration depends on particle mass (size), shape and velocity; 
high-density metals such as tungsten or gold are used (Sanford 1990). Tungsten has been 
reported to produce particles less spherical and more heterogeneous in size than gold and has 
also been reported as catalytically active in the degradation of DNA, nevertheless it is the 
material that is most commonly used due to its much lower cost. Gold particles of known 
size can be accurately produced using gold salt from a commercially available photographic 
developer (for protocol see Sautter et al. 1991). 
The optimal particle size for cell penetration varies between 1.0 Jlm (Hebert et al. 
1993) to 1.6 Jlm (Li et al. 1994 ). Smith et al. ( 1992) reported that for prokaryote cells 
smaller particles (0.77 Jlm) gave better results. 
63 
The amount of particles used per shot is highly variable from one report to another 
and depends on the device used. It has to be optimized by finding a balance between two 
factors (Leduc et al. 1994) : Cell survival; this theoretically decreases with an increase in the 
number of particles penetrating its wall; The amount of transported DNA; this increases with 
the number of particles reaching the targeted tissues thus increasing the probability of DNA 
integration. 
Klein et al. (l988a) reported an optimal mass of micro-projectile used per shot 
between 30f,lg and 60f,lg which is in accordance with Becker et al. (1994) who recomended 
29f,lg. Other reported procedures used higher amounts of particles eg. 125 J.Lg per shot for a 
shoot apex (Aragao et al. 1993) and 116J.Lg per shot for an immature inflorescence (Barcelo 
et al. 1994). This variability serves to highlight the fact that each bombardment procedure is 
unique and has to be adapted to the material targeted. 
(ii) DNA construct 
The plasmids used have a size between 4.7 Kb (pCal-neo) (Barcelo et al. 1994) and 
7.4 Kb (pActl-D) (Gallo-Meagher and Irvine 1993). To optimise the parameters of the 
particle-gun, plasmids containing a reporter gene are used; most of them contain the uidA 
gene encoding for the B-glucuronidase (GUS) (Jefferson et al. 1987) or genes BPeru and Cl 
encoding for proteins involved in the anthocyanin pathway (Cone et a/. 1986; Radicella et al. 
1991). The regeneration of stable transformants requires the use of a selectable gene such as 
the neo fragment of the npt 11 gene (Kanamycin resistance) or the BAR coding region 
(Phosphinotricin resistance). A key point in success is the choice of the promoters driving 
the reporter and selectable genes. Gallo-Meagher and lrvine (1993) reported that in 
monocotyledons the CaMV 35S promoter was up to 94 fold less efficient than the maize 
ubiquitin I promoter and other reports indicate that the CaMV 35S promoter is not expressed 
constitutively, for example no expression was found in the pollen of spruce (Du puis and 
Pace 1993). Other regulatory sequences that have been reported to be beneficial are a 
fragment (Bel UBam HI) from the alcohol dehydrogenase gene (Adh 1) (Kiein et al. 1988b). 
The use of flanking plastid DNA homology regions enabled the direct insertion of transgenes 
into the tobacco genome (plastid DNA) at a known location (Me Bride et al. 1995). 
The plasmid structure has been reported to affect transformation success with a 3 fold higher 
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efficiency using a linearized plasmid rather than a supercoiled form in tobacco cell culture 
using micro-targeting (Sautter et al. 1991). Nevertheless Klein et al. (1989) reported no 
detectable difference induced by the plasmid structure using a macro-projectile device. 
(iii) Particle coating procedures 
Different methods to adsorb DNA on the particles are available. The most commonly 
used is the calcium spermidine method where DNA is precipitated by a solution of calcium 
chloride (0.24 to 1.9 M) then protected by the polyamine spermidine (free base) decimolar in 
aqueous solution (Klein et al. 1988). Other techniques also exist such as the calcium 
phosphate DNA coating procedure and the ethanol precipitation procedure (Takeuchi et al. 
1992; Gallo-Meagler and Irvine, 1993). 
The optimal amount of DNA used for an optimal amount of particles accelerated per 
shot is highly variable between procedures. Twell et al. (1991) reported a linear increase in 
transient gene expression with the amount of DNA after bombardment of pollen grains with 
20-25 J.Lg DNA per shot. Li et al. (1994), using a similar procedure reported an optimal mass 
of 6-8 J.Lg DNA per shot for pollen grains and 0.4-0.8 J.Lg DNA per shot for embryogenic 
tissues of white spruce. A problem of increasing particle aggregation is reported with higher 
amounts of DNA used (Klein et al. 1988a). This aggregation influences dramatically the 
procedure efficiency by impeding the random distribution of the particles and increasing 
tissue damage (Aragao et al. 1993). It is a prerequisite to disperse the particles by sonication 
before shooting. Aragao et al. (1993) also pointed out that the DNA precipitation and 
desiccation procedures before shooting may influence the release of DNA once particles are 
in the cytoplasm and affect nuclear integration of foreign genes. Thus the best procedure 
would be to avoid any precipitation. In the technique of ballistic micro-targeting, DNA 
remains in solution in a mist of micron-sized droplets containing one micro-projectile each. 
Using this method 6 J.Lg DNA. J.Ll·l allows an optimal transient expression of the transgene 
(Sautter et al. 1991). 
Shot physical parameters 
The gene-gun physical parameters influence the particle penetration force and their 
dispersion. Two factors control efficient gene transfer and the level of tissue damage. 
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(i) Particle penetration force 
For a given particle size (the particle momentum is influenced by the particle size 
(mass) and velocity) the penetration force depends on its acceleration. The acceleration force 
is supplied by different physical processes which vary with the particle-gun design (table 
13). Klein et al. (1987) estimated the initial particle velocity (tungsten particles of an average 
diameter of 4!!m) at 430 m.s-1. The acceleration force needed for an optimised level of 
transient expression is variable with the device design and with the tissue targeted (Seki et al. 
1991). The velocity also depends on the application of a partial vacuum in the shot chamber 
which creates a pressure differential and reduces the drag on particles (Finer et al. 1992). 
Klein et al. (1988a) demonstrated the strong influence of a partial vacuum on the number of 
transformation events with an optimal vacuum above 711 mm Hg. Nevertheless partial 
vacuums reported vary from 76 mm Hg (Hebert et al. 1993) to 760 mm Hg (Finer et al. 
1992) but are more commonly between 600 mm Hg and 700 mm Hg. 
(ii) Particle dispersion 
For a given particle size the particle dispersion depends on the level of particle 
aggregation, the particle flying distance and on the use of systems such as baffles (Finer et 
al. 1992) or modified stopping plate (Twell et al. 1991). In unoptirnised conditions the 
pattern of particle distribution shows an overbombarded central area with a lot of tissue 
damage and a gradual decreasing of the number of particles received when moving from the 
centre to the periphery of the target (Klein et al. 1988b; Finer et al. 1992). All the parameters 
described interact with each other and must be optirnised for each device and targeted tissue 
(Sanford 1990). 
Shot biological parameters 
Much attention has been devoted to the optirnisation of the physical parameters 
controlling particle behaviour, but little has been done on cell preparation methods to make 
the targeted tissue more receptive to micro-projectile bombardment mediated transformation 
(Vain et al. 1993). 
(i) Cell physical properties 
Finer et al. ( 1992) demonstrated that the number of transiently transformed cells 
66 
depends on the number of cells exposed, and for cell cultures, on the size of the aperture of 
the mesh used to filter it prior to bombardment. Big cell clumps offer a smaller surface 
accessible to the particles than small clumps. Cells are transformed whatever their size (Klein 
et al. 1988a). 
(ii) Cell age and preculture 
Cell age has been reported to be an important factor for efficient transformation. Old 
cells or tissues are more difficult to penetrate and are also less physiologically active making 
them less competent for transformation as demonstrated with leaves of sugarcane (Gallo-
Meagher and Irvine 1993). Cell and tissue preculture is a crucial step as demonstrated in cell 
culture with the exponential growth phase being optimal (Vasil et al. 1991; Zhong et al. 
1993; Li et al. 1994), after 3-4 days of preculture for Arabidopsis thaliana leaves and 2-3 
days for roots (Sek.i et al. 1991) and only 1 day for tritordeum immature inflorescences 
(Barcelo et al. 1994). Targeting physiologically active cells requires cultivating them in 
optimal conditions. Any improvement in this field should improve the transformation 
recovery, for example, the control of ethylene accumulation in culture vessels by use of 
venting tape instead ofParafilm™ (Hebert et al. 1993). 
(iii) Cell turgor pressure 
Cells and tissues exposed to an osmotic pretreatment have been shown to be more 
efficiently transformed, with an improvement of 6.8 fold over controls for maize cell culture 
(Vain et al. 1994) and 5 fold for white spruce (Li et al. 1994). Leduc et al. (1994) observed 
a similar effect using immature spikes of wheat. They reported that cell plasmolysis could 
reduce protoplasm damage and make it less likely to extrude after particle penetration, and 
thus increase the cell's chance of survival. Yamashita et al. (1991) reported that during 
bombardment most of the particles ended their flight in the vacuole leading to a very low 
transgene expression in comparison with the expression in cells which received particles in 
their cytoplasm and nucleus. They suggested that osmotic treatment reduces vacuole size 
which leads to an increased particle delivery to the other cell compartments leading to a 
higher level of transient expression. 
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Transformation efficiency and type of transgene integration 
It is difficult to assess the efficiency of the technique because of the great variety of 
procedures used. Nevertheless it is commonly reported that the technique provides a large 
number of cells transiently expressing the transgene with for example, 500 GUS expression 
units reported per cm2 (Klein et al. 1991) using the Bio-Rad device and up to 40 GUS 
expression units per mm2 (Leduc et al. 1994) using the ballistic micro-targeting device. 
The frequency of stable transformation however is very low, 2-5 % for tobacco calli (Klein 
et al. 1988c), 5% for pollen grain (Twell et al. 1991), 0.04% for maize cell culture (Vain et 
al. 1993) and 0.5-2% for callus regenerated from bombarded leaves of sugarcane (Gallo-
Meagher and Irvine 1993). Immature embryo bombardment yielded only one stable 
transformant for 83 embryos of wheat (Becker et al. 1994) and for 27 embryos of rice 
(Christou et al. 1991). Although this rate of recovery may appear low in these species it is an 
excellent advance compared with other transformation methods. 
Meristem bombardment has shown stable transformation of highly meristematic cells 
(Leduc et al. 1994 ), but so far this has only succeeded in regenerating chimeric plants of 
sugarcane (Gambley et al. 1993) for 20-40 % of bombarded shoot apices and for 2% of the 
meristems of soy bean (Me Cabe et al. 1988; Christou 1990). Regeneration of totally 
transformed plants after tissue culture (non-chimeric) has however been demonstrated 
(lrvine et al. 1991; Low et al. 1995). 
The use of micro-projectile bombardment for cointegration of different plasrnids has 
been reported as very efficient with insertion of three plasrnids in nearly 100% of a 
transformed callus line of wheat (Vasil et al. 1991 ), 88% for two plasmids in plants of 
tritordeum (Barcelo et al. 1994) and 36% for two plasmids in plants of rice (Li et al. 1993). 
The biolistic® process is a direct gene transfer method and as such has no direct 
effect on the chromosomal integration mechanism (Sanford 1990). Reports have suggested 
that to be expressed efficiently the transgene(s) must be delivered directly to the nucleus 
(Yarnashita et al. 1991; Du puis and Pace 1993). In the plant it leads to non-homologous 
integration into the chromosome, characteristically with multiple copies and some degree of 
rearrangement (Klein et al. l988c; Christou et al. 1992; Barcelo et al. 1994; Becker et al. 
1994). Recent work showed that homologous integration could be achieved by flanking the 
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transgene with fragment regions homologous with the DNA sequence of the targeted 
chromosome (Me Bride et al. 1995). 
Since its invention nine years ago biological ballistics has proved to be a popular 
chosen method for the genetic engineering of almost all major crops especially cereals, 
legumes and woody species recalcitrant to Agrobacterium mediated transformation (Christou 
1995). 
Protocols are very efficient in producing transitory transgene expression but remain 
very inefficient for stable integrative events (Potrykus 1990b). This problem has to be 
addressed if the technique is to fulfill the high expectation often reported for it. Developing 
systems for homologous recombination should improve this situation in the future. 
The successes reported result from optimal particle delivery procedures and tissue 
preparation prior to bombardment in order to target competent cells for transformation and 
plant regeneration. Best results have been obtained from the bombardment of immature 
cereal embryos and embryogenic cell cultures. The problem of the technology is less to do 
with DNA delivery than with the regeneration capacity of the targeted cells or tissues which 
often remain genotype dependent. Targeting shoot apical meristems offsets the problem of 
regeneration but so far only periclinal chimeras have been recovered (Leduc et al. 1994) 
however from this material, fully transformed plants can be recovered by in vitro 
manipulation. These chimeras can also produce transformed pollen provided that cells from 
the L2 meristematic layer have been transformed (Sautter et al. 1995). These strategies could 
produce transgenic plants 'en masse' and allow a proper screening of the recovered plants 
making plant genetic engineering for an increasing number of species more amenable on a 
commercial scale. 
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lAA Cryopreservation of meristems : Vitrification methods 
The tenn 'cryopreservation' refers to the unlimited storage of metabolically active 
cells at extremely low temperature (usually in liquid nitrogen at -196°C) (Popov 1993; Kartha 
and Engelmann 1994). The technological aim is the preservation of plant gennplasm and 
valuable experimental material at low cost without genetic alteration (Sakai et al. 1990). 
The main technical aim is to avoid intracellular ice growth as this is the main cause of cell 
death. Some plants can withstand severe freezing stress in nature because they have 
developed mechanisms allowing their water to supercool or pennitting the out flow of free 
water (Kartha and Engelmann 1994). Nevertheless in most cases protection from freezing 
and thawing injury has to be imposed artificially using cryoprotectant solutions and reduction 
ofthe cell free water available by dehydration. In conventional cryopreservation techniques 
freeze-induced cell dehydration is achieved upon imposition of a low cooling rate prior to 
storage in liquid nitrogen (LN). The phenomena involved are complex (for review see Popov 
1993) and multistep protocols are required (for review see Kartha and Engelmann 1994). An 
alternate approach to these techniques is to store dehydrated material by vitrification: after 
dehydration (osmotic, air flow or silica gel drying) material is entraped in a highly 
concentrated solution of cryoprotectant which can supercool to very low temperatures and be 
rapidly frozen. In these conditions the solution becomes viscous and solidifies into 
metastable glass after glass transition (vitrification), no ice crystallisation takes place enabling 
cells to survive the freezing process. 
1.4.4.1 Material cryopreserved 
Few experiments involving Brassica spp. have been reported. Nevertheless a variety 
of tissues and cells have been cryopreserved following conventional methods (Table 14). 
For long-tenn germplasm conservation, meristems appear ideal because their 
constituents are genetically stable limiting risk of somaclonal variation in regenerated 
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Table 14 : Reported cryopreservation conducted with Bmssica species 
Species Material cryopreserved References 
B. napus microspore derived embryos Bojaj 1983 
B. campestris microspore derived embryos Bajaj 1983 
B. oleracea shoot apices Harada el aL 1985 
B.napus zygotic embryos Engelmann and Baubault 1986 
B. napus microsporcs Charne el aL 1988 
B. campestris cell suspension Langis et al. 1989 
B. campestris cell suspension Luo eta/. 1990 
Table 15 : Reported efficiency of mcristcm cryopreservntion using vitrification pmtocols 
Species Dehydration Meristems regrowth References 
methods frequency(%) 
camation osmotic 98 Dereuddre et aL 1988 
pear air flow 80 Dereuddre el al. 1990 
Solanum spp. air flow 27• Fabre and Dereuddre 1990 
cnmntion osmotic 90* Lnngis et al. 1990 
Asparagus spp. silica gel 71 Uragami et aL 1990 
grape air flow 24 Plessis el al. 1991 
white clover osmotic 48-83 Yamada el al. 1991 
apple silica gel 45·68 Niino and Sakai 1992 
pear silica gel 67-70 Niino and Sakai 1992 
mulberry silica gel 65 Niino and Sakai 1992 
apple osmotic 55-70 Niinoet aL 1992a 
pear osmotic 40-72 Niino et aL 1992a 
mulberry silica gel 55-70 Niinoet aL 1992b 
sugarcone air flow 38·91 Paulet et aL 1993 
horserodish osmotic 79-92 Malsumoto et aL 1994 
Pnmus spp. osmotic 69-74 Brison et al. 1995 
lily osmotic 49-85 Motsumoto et al. 1995 
• regeneration often after callus production 
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progenies by comparison with use of embryogenic calli or cell suspensions (Paulet et al. 
1993). Meristems however are complex structures made of different cell types with variable 
cryoresistance. In most reported cases conventional techniques caused death of a fraction of 
meristem cells leading to disorganized cell growth (Kartha and Engelmann 1994). Methods 
using vitrification overcome this problem of cell cryoresistance variability by setting the 
tissue in mass and there are very encouraging reports of direct plantlet regrowth from 
meristems with no callus phase for a wide range of species (Table 15). 
Parameters such as shoot-tip size and physiological state are of primary importance. 
Brison et al. (1995) reported that relatively big shoot-tips (1.5-2 mm) were more able to 
survive freezing and to regrow than smaller shoot-tips. The reported size of the material used 
by other authors was usually within this size range. More important is the physiological state 
ofthe cryopreserved shoot-tips. Dereuddre et al. (1988) found that carnation meristem 
freezing sensitivity was a function of initial distance from the apical shoot-tip. They pointed 
out that this phenomenon was probably related to apical dominance. In contrast however 
donnant buds were previously reported as very resistant to freezing (Harada et al. 1985). In 
any case the physiology of the shoot-tip is of paramount importance as it conditions the level 
of resistance to dehydration and freezing and can be effectively improved by preconditioning 
treatment (Matsumoto et al. 1995). 
1.4.4.2 Preconditioning treatment 
Cold acclimation 
Plant species with an inherent capacity to withstand severe freezing stress can be 
hardened in response to early environmental cues such as low temperature and reduced 
photoperiod or a combination thereof (Kartha and Engelmann 1994). Cold acclimation 
induces metabolic and physiological changes with preferential synthesis of metabolites such 
as sugars, nucleic acids, proteins, membrane lipids as demonstrated in freezing tolerant cell 
suspensions of B. napus L. (Johnson-Flanagan and Singh 1987). Popov (1993) reviewed 
these modifications and especially their influence on the properties of the plasmalemma, 
known to be the main site of cryoinjury. In practice when naturally acclimated shoot-tips are 
not available the cold hardening treatment is induced in vitro provided that the species used 
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has hardening capacity. The optimal cold acclimation conditions are species specific with for 
example eight weeks at 0°C for pear (Dereuddre et al. 1990), three weeks at 5°C for apple, 
pear and mulberry (Niino and Sakai 1992, Niino et al. 1992a) but only one week at ooc for 
lily (Matsumoto et al. 1995) and one day of a regime 23°C light/ 4°C dark for Prunus spp. 
(Brison et al. 1995). The hardening cold treatment significantly increased survival to 
cryopreservation but with variable efficiency between cultivars within species (Brison et al. 
1995, Matsumoto et al. 1995). 
Preculture 
In most reports a preculture of shoot-tips on culture medium with concentrated 
sucrose or sorbitol significantly improved survival after storage in LN. In these conditions a 
cryoprotectant loading was usually not required. A sucrose concentration of 0.70-0.75 M 
was reported to be optimal for many systems (Dereuddre et al. 1988; 1990, Uragarni et al. 
1990, Fabre and Dereuddre 1990, Plessis et al. 1991, Niino and Sakai 1992, Niino et al. 
1992a, Paulet et al. 1993). A progressive increasing of the concentration in sucrose was 
reported as very favourable in comparison with a direct transfer to the final concentration 
(Fabre and Dereuddre 1990, Plessis et al. 1991, Niino and Sakai 1992), with, for example a 
frequency of shoot-tips survival of 75% against 17% for grape (Plessis et al. 1991). 
Sugarcane appeared to be more resistant to osmotic stress because the progressive increase 
was not beneficial in this case (Paulet et al. 1993). Optimal preculture duration varied from 
18h (Dereuddre et al. 1990) to three days (Fabre and Dereuddre 1990, N iino and Sakai 
1992, Paulet et al. 1993). The physical effect of this preculture is a moderate pre-
dehydration of the shoot-tips (Dereuddre et al. 1990). 
Cryoprotectant loading 
In some cases an additive loading of the meristem with a mixture of cryoprotectant 
was reported to increase the beneficial effect of the preculture (Dereuddre et al. 1988, 
Matsumoto et al. 1994; 1995). In all cases the cryoprotective solution is a mixture of 
sucrose, at the same concentration as in the preculture medium, supplemented with DMSO 
(Dereuddre et al. 1988) or glycerol (Matsumoto et al. 1994; 1995). 
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1.4.4.3 Shoot-tip dehydration 
The keys to success for cryopreservation by vitrification are to carefully control the 
procedures for dehydration and cryoprotectant permeation. Protocols must also prevent 
potential injury caused by chemical toxicity or excess osmotic stress during dehydration 
(Y amada et al. 1991 ). The dehydration step can be conducted following several methods: 
Osmotic drying methods 
Sakai et al. (1990) developed a one step dehydration procedure. Meristems were 
dehydrated by transfer to a vitrification solution (designated PVS2) composed of 50% (w/v) 
Glycerol, 15% (w/v) Ethylene Glycol (EG) and 15% (w/v) DMSO in culture medium 
containing 0.4M sucrose (Y amada et al. 1991, Niino et al. 1992a, Matsumoto et al. 1994; 
1995). Brison et al. ( 1995) reported that the addition of 3% (w/v) PEG 8000 significantly 
increased the efficiency of the solution. The duration of treatment depends on the 
temperature as it influences cryoprotectant penetration (Y amada et al. 1991, Kartha and 
Engelmann 1994), is species specific and may depend on the size of the meristem used 
(Niino et a! l992a). At 25°C the optimal treatment duration reported varied from 5 min to 80 
min (Y amada et al. 1991; Niino et al. 1992a). At 0°C the optimal treatment duration was 
longer between 15 rnin and 110 rnin (Yamada et al. 1991; Matsumoto et al. 1995). It is 
commonly referred to as a dehydration method but it is clearly also a cryoprotectant loading 
step with both phenomena improving meristems cryoresistance. Brison et al. (1995) divided 
the action of the low molecular weight compounds (EG, Glycol, DMSO) from the action of 
the high molecular weight compounds (PEG, Sucrose). The low molecular weight 
compounds are thought to enter the cell and to exert a colligative action within the cell 
preventing build up of toxic electrolytes. Higher molecular weight compounds do not 
penetrate the cell and exert an osmotic action. The PVS2 solution is the most frequently 
reported but others have been found to be efficient (Langis et al. 1990, Steponkus et al. 
1991). 
Air flow and silica gel drying methods 
Niino et al. ( l992b) found that desiccated encapsulated buds in calcium alginate gel 
resisted cryopreservation significantly better than desiccated non-encapsulated ones. The 
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encapsulation simplifies handling of small organs and protects against excessive dehydration 
(Dereuddre 1991). Two methods of dehydration of encapsulated shoot-tips were reported: 
desiccation in a sterile air flow in a laminar flow cabinet, or in sealed petri dishes containing 
sterile dry silica gel. The optimal duration of dehydration depended on the optimal moisture 
content enabling shoot-tips to vitrify and survive freezing. The critical water content varies 
between 13% and 25% for the reported species (Dereuddre et al. 1990, Uragami et al. 1990, 
Niino and Sakai 1992, Niino et al. 1992b). The optimal value is generally narrow (3 to 5%) 
within a species but can also vary considerably (Uragami et al. 1990). It is interesting to note 
that Niino and Sakai ( 1993) reported that silica gel dehydrated encapsulated buds (pear, 
apple, mulberry) could be successfully cryopreserved with a water content of 33% which 
was 10% higher than that of air dried ones. This observation could be due to the slower 
desiccation rate observed with silica gel which should induce less desiccation injury. The 
optimal water content in the reported protocols was obtained after 3-6 hrs of desiccation 
under air current and 7-11 hrs of silica gel dehydration. 
1.4.4.4 Freezing procedures 
Different cryogenic protocols have been tested. The ftrst group involved two step 
protocols using conventional freeze-induced dehydration techniques. The freezing procedure 
is conducted at a slow rate of 0.5 to 1 °C/rnin down to either -30, -35 or -40°C followed by 
storage in LN. The second group are very simple involving a direct plunge in LN to obtain a 
very rapid cooling rate compatible with vitrification procedures. Brison et al. ( 1995) and 
Fabre and Dereuddre (1990) found the slow freezing procedure more efficient than the rapid 
freezing protocol. These methods however require very expensive equipment and are very 
time consuming. Furthermore Yamada et al. (1991) and Matsumoto et al. (1994) found no 
difference in terms of frequency of surviving meristems using either cryogenic protocols. In 
fact vitrification protocols are designed to enable meristems to survive a rapid freezing by 
direct quenching in liquid nitrogen (LN). A more efficient slow freezing method could in fact 
reveal a non optimal level of shoot-tip dehydration. Brison et al. (1995) found that the 
cooling rate with their vitrification solution must be higher than 50°0rnin which is easily 
achieved by direct quenching in LN. 
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1.4.4.5 Thawing and post-thawing procedures 
The events occurring during thawing do not simply reflect freezing in reverse (Kartha 
and Engelmann 1994). If thawing is carried out at slow rates, structural changes may occur 
and glass can crystallise (devitrification) affecting meristem survival (Yamada et al. 1991; 
Nishizawa et al. 1993). In practice vitrified dehydrate encapsulated shoot-tips were 
demonstrated to withstand a simple slow thawing at room temperature without ice 
crystallisation (Dereuddre et al. 1990, Plessis et al. 1991). For the protocol using 
vitrification solution the required rate of thawing was reported to be much faster. Thus 
Brison et al. (1995) demonstrated that the warming rate must be over 160°C/min. 
After cryopreservation the return of meristems to normal conditions must be carefully 
monitored. This is especially needed for protocols using highly concentrated cryoprotectant 
solution which has to be unloaded after thawing on hypertonic culture medium (1.5M 
sorbitol or sucrose) (Langis et al. 1990, Yamada et al., 1991, Matsumoto et al. 1994; 1995, 
Brison et al. 1995) to avoid new osmotic stresses (Langis et al. 1989). Following this 
treatment shoot-tips are transferred to normal culture medium. To limit the effect of 
dehydration and freezing injury, Plessis et al. ( 1991) demonstrated with cryopreserved grape 
shoot-tips that Bovine Foetal Serum (BFS) improved plant recovery and Paulet et al. (1993) 
kept their surviving meristems in darkness for one week to avoid the detrimental effects of 
light. 
1.4.4.6 Protocol efficiency 
Successful meristem cryopreservation has been rarely reported using conventional 
freeze-induced dehydration procedures (Kartha and Engelmann 1994) and when success was 
achieved regeneration was often obtained after callus production increasing risk of genetic 
variation. The main aim of cryopreservation procedures is to preserve germplasm and 
accordingly only regeneration of true to-type phenotype can be accepted. The new 
procedures using vitrification are simple and rapid and have successfully enabled meristem 
cryopreservation for a wide range of species with high frequency of survival and direct plant 
recovery (Table 15). Two main methods have been developed: 
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recovery (Table 15). Two main methods have been developed: 
(i) Meristems with or without cold acclimation are precultured in medium containing a high 
concentration of sucrose. Dehydration and cryoprotectant loading is carried out in a 
vitrification solution before rapid freezing in LN (Sakai et al. 1990, Yamada et al. 1991). 
(ii) Meristems with or without cold acclimation are encapsulated in calcium alginate gel and 
precultured in medium containing a concentration of sucrose. Dehydration is carried out 
either under an air flow or with silica gel before freezing in LN (Dereuddre et al. 1990, 
Niino and Sakai 1992). 
These methods do not require the use of complex protocols and expensive equipment 
and thereby are very interesting for cryopreserving meristerns (Niino et al. 1992a, 
Nishizawa et al. 1993, Matsumoto et al. 1994). In the case of cauliflower no 
cryopreservation protocol have been reported to date. Adapting a vitrification procedure 
could become an asset in management of B. oleracea L. germplasm diversity. 
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2 Experiments 
2.1 Biometrical analysis of cauliflower curd meristem 
activity and mathematical growth model 
The cauliflower curd is a large 'preinflorescence' with a complex morphology. Its 
architecture is highly organised and has been described as a natural fractal (Mandelbrot 
1990). Curd morphology is self-similar with its branches (florets) having an appearance very 
like the whole curd and this property implies that the rules governing curd growth must be 
highly stable during development. Mandelbrot (1983) stated that 'to make sense offractal 
geometry we have to find ways of expressing shape and complexity in terms of numbers ... '. 
He tried to develop a visual model of cauliflower curd ramification (Plate la), but did not 
base it on botanical parameters and as a consequence the numbers were incorrect. 
Furthermore the model is only two dimensional whereas a curd is a complex tridimensional 
structure (Plate lb). Nevertheless the visual effect is impressive demonstrating that the 
branching approach has some merits. Another approach is to study the position of the 
branches in relation to each others, as given by the phyllotactic pattern. Observations of curd 
reveal the occurence of a number of contact parastichies forming right and left spirals (Plate 
le). Known fractal figures such as the so called 'Fatou dust' described by the french 
mathematician Pierre Fatou have similar features with right and left spirals (Peitgen and 
Richter 1986) (Plate ld). The observed figure, after having been processed, has striking 
similarities with the visual external organisation of cauliflower curd (Plate le); nevertheless, 
the number of whorls featured and the dust (or island) organisation has little in common with 
a real curd. These two mathematical approaches are not botanically sustainable, nevertheless 
they highlight the importance of the pattern of branching and phyllotaxy in the understanding 
of curd organisation. 
Curd meristem activity is responsible for its morphology and seems to be directly 
accessible at the macroscopic level due to the self-similar structure of the curd. The lack of 
leaves and other organs allows the curd morphology to be analysed biometrically with 
respect to the two important patterns (phyllotactic and branching). 
The morphological steps in curd development have been well described previously 
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Plate 1 : Cauliflower curd architecture and basis for model development 
(a) Proposed model of curd branching (Mandelbrot 1983) 
(b) Curd from which only the branches of Order 11 were kept, highlighting its 
monopodia) structure 
(c) Curd surface (polar view over the main axis) 
(d) Fractal figure 'Fatou dust' (reprint from Peitgen and Richter 1986) 
(e) Spherical projection with relief transformation of a sector from 'Fatou dust', 
generated using the software Fractint 17.10 
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(Aamlid 1952; Sadik 1961; Margara and David 1978) but analysis has only been qualitative 
not quantitative. 
The aim of the work presented in this subchapter is to understand the rules directing 
curd growth and to deduce from them a curd architectural model. Furthermore, this approach 
will be useful to compare cauliflower curd and broccoli spear architecture in an attempt to 
clarify their genetic relationship. The cauliflower curd architectural model should make it 
possible to estimate the number of meristems carried by a curd. It is of importance because 
these meristems have the potential to produce vegetative shoots instead of flowers under in 
vitro and in vivo conditions. Curd meristematic tissues have been widely used for the 
production of cauliflower clones by macropropagation (Haine 1951; North 1953) and more 
commonly by in vitro micropropagation (Crisp and Walkey 1974). It is assumed that a better 
understanding of the curd material will enable an estimate of its full micropropagation 
potential and help to understand, control and optimize the in vitro propagation system. 
2.1.1 Material and Methods 
2.1.1.1 Plant material 
Summer heading cauliflower Brassica oleracea L. convar. botrytis (L.) Alef. var. 
botrytis L. cv. Plana (F1 hybrid) (Royal Sluis Ltd.) and cv. Nautilus (Fl hybrid) (Clause 
Ltd.) plants were grown in an aerated polyvinyl tunnel following good commercial practice 
(MAFF 1982), and harvested at different maturity stages (from 6 cm in diameter (very 
immature curd) to 18 cm in diameter (late 'marketable' stage). All curd used were of 'extra' 
class (EEC grading) (Holland 1985; MAFF 1991). Spears of broccoli Brassica oleracea L. 
convar. botrytis (L.) Alef. var. italica Plenck, were purchased directly from a local 
packhouse. 
2.1.1.2 Methods 
Analysis of curd phyllotactic pattern 
Analyses were carried out on electron-micrographs of curd branch apices viewed 
using low temperature scanning electron microscopy (Plate 2a). Explants of 1-2 mm in 
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Plate 2: Curd phyllotaxis analysis I 
(a) Electron-micrograph of curd branch apex 
(b) Positions referring to the time of initiation of the meristems 
(c) Radii between the centre of each meristem and the centre of the 
initial meristem branch apex 
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diameter containing a meristem branch apex and an average number of 30 newly arisen 
meristems and young branches were used. Ex plants were glued on the sample stage using 
conductive silver dag (Acheson colloids Compagny, UK) and rapidly frozen by plunging in 
liquid nitrogen. They were then observed at 2KV during sublimation of the ice crystallised 
on the surface of the curd fragment. Sublimation was achieved by warming the sample stage 
to -80°C using an Oxford cryotrans temperature controller (Cl' 1501). Explants were then 
sputter-coated with gold under argon with a leak rate of2-3 psi and a current of 1 mA to 
achieve a nominal coating between 10 to 15 nm using an Oxford cryotrans preparation 
controller (CT 1500). Observations and micrographs were made at 2-2.5 KV using a low 
temperature scanning electron microscope (Jeol JSM-6100). 
Apices of branches of increasing Order (I toN) (Fig. 5) were observed with three 
replications per Order for two independent 'marketable' curds. For each micrograph the 
phyllotaxy was analyzed according to Richards (1951) and Williams (1975). The only 
difference was that SEM micrographs of whole samples were used instead of micrographs of 
transverse sections through a shoot apex. Three parameters were analysed to describe the 
phyllotaxy of the system : 
(i) the Position of each organ of relative age 
The closer the meristerns are to the meristem apex of the branch the younger they are. 
If each meristem is given a number (Position) referring to its time of initiation, the Position 
of each rneristem can be determined by a study of the contact parastichies (Hardwick and 
Howkins 1985). On a curd, 5 contact anticlockwise parastichies can be visualised; the 
difference in Position between two meristerns on one of these contact parastichies will be of 
Position 5 (Plate 2b). Eight contact clockwise parastichies can also be observed; in this case 
the difference in position will be of Position 8 (Plate 2b). 
(ii) the Divergence Angle (a) and (iii) the Plastochron Ratio (a) 
These two parameters require the detennination of the centre of the meristem branch 
apex and of the centre of the newly arisen meristems. They are detennined as the centre of 
symmetry of the meristem and are easily detennined by observation of the radial strips 
formed by the anticline division of the periphery cell layer of the mantel. Once these centres 
have been determined, radii can be drawn between the centre of each newly arisen meristem 
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Figure 5: Diagrammatic representation of 
the hierarchical sequences used to classify 
branches 
Latin numbers : Order 
Arabic numbers : Position 
Figure 6: Plot showing how phyllotactic 
patterns can be estimated from the 
Plastochron Ratio(PR) and DA. Redrawn 
from Maksymowych and Erickson ( 1977) 
by Callos and Medford (1994). The 
X-axis represents the Divergence Angle 
(in degrees) and theY-axis represents 
the natural logarithm of the PR 
Figure 7: The relation, for a Divergence Angle 
equal to the Fibonacci angle, between the 
double logarithm of Plastochron Ratio and 
the intersection angles of the successive 
parastichy pairs, Phyllotaxis indices are 
indicated on the right. Full horizontal lines 
are drawn to intersect the various curves at 
the orthogonal value, and broken lines to 
meet these curves at the positions at which 
two consecutive parastichy pairs depart 
equally from orthogonality (Richards 1951) 
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and the centre of the meristem branch apex (Plate 2c ). After the radii are drawn, the 
Divergence Angle can be measured and the plastochron ratio calculated. The Divergence 
angle is the smallest angle between the radii of two successively formed meristems. The 
divergence Angle is estimated by averaging the measured angle for the highest number of 
successive meristems visualized on the micrograph. The Plastochron Ratio is the ratio of 
radii drawn between successive meristems and the centre of the meristem branch apex. When 
calculating the plastochron ratio the radius of the older meristem is the numerator and the 
radius of the younger primordium is the denominator. The Plastochron Ratio is characteristic 
of the phyllotactic pattern. It can be easily determined from the Divergence Angle and In( a) 
using the diagram reported by Callos and Medford (1994) (Fig. 6). The use of a simple 
mathematical conversion transforms the plastochron ratio to a value approximating an 
integral called the Phyllotaxis Index (PI). 
P .I.= 0.379- 2.39251oglog(a) 
The phyllotactic pattern is then given by the conversion diagram reported by Richards 
(1951) (Fig. 7) in relation to the angle of intersection between the two sets of contact 
parastichies. 
Analysis of curd branching pattern 
The biometrical analysis relied on the analysis and comparison of the activity of 
branch meristematic apices. Each branch was classified by : 
(i) Order (primary hierarchical sequence) (Fig. 5) 
-determined visually. 
(ii) Position (secondary hierarchical sequence) (Fig. 5) 
- described previously but in this case, for practical reasons, with inverted numeration: the 
older branch has the Position 1 the youngest the highest Position. 
(iii) the number of branches of the next ( + l) Order carried on it. 
- determined by removing them one by one with a scalpel or fine forceps, with the aid of a 
zoom stereo binocular microscope (Nikon SMZ-2T) as branches diminished in size. Finally, 
meristems (newly arisen apices) were counted. 
Regression equations and correlation coefficients were calculated using the statistical 
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programme Minitab®9.2 (Minitab Inc.). The mathematical model was constructed using the 
data obtained from the biometrical analysis, and programmed using QuickBasic (Microsoft 
Ltd.) language on a Macintosh platform. 
2.1.2 Biometrical Studies 
2.1.2.1 Analysis of curd phyllotactic pattern 
The average apex meristem diameter varied between 310 J.tm and 350 J.tm. It is a big 
meristematic dome with a rather flat surface. It initiates at its periphery a large number of 
meristem primordia; all these primordia enter directly into a growth phase and no dormancy 
or abortion was ever observed. Primordia in Positions 1-3 had an average diameter of 140 
J.tm, expanding to an average diameter of 160 J.tm for Positions 4-7 and 180 J.tm in Positions 
8-15. For the subsequent Position meristems were no longer primordia but new apices of 
branches of a higher Order and started initiating meristem primordia. During this phase these 
new apical domes still increased in size and gradually passes from a spherical shape to large 
flat meristematic domes with the same proportions of the initial meristem which initiated 
them. This pattern of activity was observed on branch apices of all Orders analysed in any 
Position provided that they had already initiated approximately 20 primordia. 
Analysis of primordia positioning (phyllotaxy) was made using the 20-25 closest 
primordia and branches from the apex. In this area the apical cone is rather flat and 
micrographs could be considered as transverse projections with limited influence on 
measurements. 
The simplest description of the curd phyllotaxy was done following the classical 
method of Schimper and Braun. They used the divergence angle to describe the phyllotactic 
pattern and referred to the fraction of the circumference which separates two successive 
leaves on the genetic spiral (successive Positions) in a tangential direction (for systems 
having single leaves at the nodes). For cauliflower curd the fraction in theory is 3/8 i.e. it is 
necessary to make three turns around the stem and to pass eight primordia to find a 
primordium superimposed over the initial one; or alternatively the angle between two 
successive primordia on the genetic spiral should be 135°. The line drawn between these 
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leaves determines the linear orthostichies. Unfortunately the measured angle for curd is not 
135° and no orthostichies can be observed. In fact most systems cannot be described using 
this method and Church (1904) rejected it and developed a technique using the series of 
logarithmic spirals one can observe on the apex. The number of spirals (parastichies) can be 
observed for which individual primordia differ by a constant number of Position (e.g. 
1 ,6,11 ,16,21 ... ). The spirals used to describe phyllotaxy are the most conspicuous and 
correspond to sets for which primordia are in contact. These contact parastichies form two 
intersecting sets, one clockwise and the other anticlockwise. For an apex of cauliflower 
curd, 5 contact anticlockwise parastichies can be seen as well as 8 clockwise parastichies 
(Plate 2). In some cases, apices had the same number of contact parastichies but in the 
opposite direction : 5 clockwise and 8 anticlockwise (Plate 3) (this intriguing phenomenon is 
not understood but was recently reproduced by Douady and Couder (1993) using a physical 
model). The phyllotactic pattern is then described as (5+8). This pattern was observed on the 
apices studied (Order I to IV). Nevertheless on some apices (5+9) and (6+10) phyllotactic 
patterns were observed (Appendix Ill). These differ from the usual plant pattern (2+3) (3+5) 
(5+8) (8+13) ... as defined in the Fibonacci series. According to Church's theory, in an 
apex one set of contact parastichies always intersect the other orthogonally but this is rarely 
the case and not observed on cauliflower curd. Richards (1951) pointed out that for most 
plants Church's statement is incorrect and this explains why no orthostichies can be found. 
For a complete description of phyllotaxy Richards proposed, in addition to primordia 
Position and number of contact parastichies, three extra parameters : 
(i) The Divergence Angle (a) between two primordia in successive Positions on the genetic 
spiral. As predicted by the theory the average angle measured on cauliflower curd apex 
(137 .73°± 0.16°), regardless of their Order, (Table 16) was very close to the Fibonacci 
angle (137 .5°). 
(ii) The Plastochron Ratio (a) (the ratio of the progression between the radii drawn between 
the apex centre and the centre of two primordia in successive Positions). For curd apices 
the average Plastochron Ratio was 1.053 ± 0.002 (Table 16). Conversion of the value 
into a Phyllotaxis Index (PI) gives an average value of 4.34 ± 0.07 (Plate 16). This value 
is close to 4 which is the value of the orthogonal fourth Fibonacci parastichy system, 5:8 
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(Fig. 6), but it differs slightly from it because the curd phyllotactic pattern is not 
orthogonal. Using the diagram (Fig. 7) reported by Richards (1951) it was possible to 
estimate that in curd apices the two sets of contact parastichies should intersect at 106.7°; 
the measured angle was around 107°. 
Table 16: The phyllotactic parameters for apices of cauliflower curd of successive Order 
Apex Order Divergence Plastochron Phyllotax.is 
Angle (±se) Ratio (±se) Index (±se) 
I 137.81 ± 0.56 1.058 ± 0.003 4.23 ± 0.05 
II 137.80 ± 0.40 1.044 ± 0.003 4.51 ± 0.07 
III 137.60 ± 0.18 1.057 ± 0.006 4.26 ± 0.11 
IV 137.73 ± 0.16 1.050 ± 0.003 4.38 ± 0.07 
(iii) The angle 9, the inclination of the region to the axis of the shoot. This parameter gives 
information on the three-dimensional components of the phyllotactic pattern (the vertical 
relationship of primordia) whereas all other parameters describe the transverse 
components (angular and radial spacing of primordia). The angle of contact parastichies 
intersection varies with e and can be determined, for a given area, by calculating an 
Equivalent Phyllotaxis Index and using Richards (1951) diagram (Fig. 7). 
E.P .I .=P .I.+ 2.39251og(sin8) 
The older primordia have the smallest e and intersection angle. It is interesting to note that 
for cauliflower when e"' 61.4°, E.P.I = 4 and contact parastichies should intersect 
orthogonally. 
Spiral Model 
On micrographs contact paras tic hies are treated as planar growths or logarithmic spirals. 
The model is operated using the polar coordinates r and cp. In logarithmic spirals the radius 
is defined by : 
log(r)=bcp or r=r0 exp(bljl) 
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Plate 3 : Curd phyllotaxis analysis II 
(a) Position of newly arisen metistems 
(b) Genetic spiral 
(c) Most conspicuous sets of contact parastichies 
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(for demonstration see Lauwerier ( 1991 )). 
The radii of the primordia on the genetic spiral follow a geometric progression with the 
common ratio coresponding to the P1astochron Ratio (a). For n terms it can be written : 
and 
this corresponds to a logarithmic spiral described by 
r=roa(ifl/a) 
This equation gives the genetic spiral in relation to the Plastochron Ratio (a) and the 
Divergence Angle (a.) (Plate 3b). Conversion to Cartesian coordinates gives: 
In the case of the contact parastichies the equation will be : 
where n is the number of spirals of the set of contact parastichies studied (5 or 8), Bn is the 
angle between the centre of two successive primordia on the studied spiral to the centre of the 
apex, and ro the radius between the centre of the first primordia of the studied spiral to the 
centre of the apex (Plate 3c). 
2.1.2.2 Analysis of curd branching pattern 
Cauliflower 
The study of branches in successive ( + 1) Positions showed that the number of branches 
of higher ( + 1) Order carried is highly correlated to their Position. A linear regression with 
negative correlation is statistically highly significant (P<O.OOI). Nevertheless analysis of the 
residuals highlight the fact that a fitted quadratic regression is in some cases statistically 
significant (p<0.05), but even in these cases the linear regression remains highly significant 
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(p<0.001). In consequence, for the following studies, linear models were always used. 
Analyses were conducted on two summer cauliflower genotypes and these gave similar 
results. The level of correlation is very high whatever the Order of the axis studied (0 .992 ~ 
r ~.867) and the average decrease in the number of branches carried for each successive 
(+1) Position is always close to 1 (Fig. 8). 
The study of branches in successive ( + 1) Order for the same Position revealed that the 
number of branches of higher ( + 1) Order that they carry was also proportional to their Order; 
the level of correlation was again very high (0.999 ~ r ~.990) (Fig. 9). Despite the 
potential source of variability between curds of different size/maturity, the difference in 
number of branches carried between branches of successive Order is very stable at 16.05 
with a standard deviation of 1.47. 
Analysing the number of ramifications carried by branches of successive Position or 
successive Order, is equivalent to analysing the organogenic activity of each apex. The high 
level of proportionality observed between ramifications, Position and Order, highlights the 
fact that all the apices share the same rhythmic activity (plastochron). The difference however 
between successive Orders of 16 ramifications highlights that the new meristems do not start 
to branch (produce new meristems) at once but 'wait' a time equivalent to the initiation by 
their mother apex of 16 new meristems. This 'waiting' phase can be directly observed on the 
SEM micrograph (Plate 2a, 3a). From the observed pattern of meristem activity a growth 
model was set up (Fig. 10). The number of branches of Order 11 is used as 'biological age'. 
The meristem branch apices produce 16 meristems before the older in (Position 17) 
reproduce the same pattern of activity. The difference in terms of branches of higher (+I) 
Order carried for two branches in successive Position is one. 
Broccoli 
The same type of analysis was carried out on broccoli spears. The spears analysed 
(mature stage) did not carry branches above Order IV. The ramification was therefore much 
less complex than for cauliflower curd (up to Order VIII). The study of branches in 
successive (+I) Positions showed that the number of branches of higher (+I) Order carried 
(flower bud were not recordered as branches) is, as for cauliflower, proportional to their 
Position (Fig. 11). The correlation is also very high and the average decrease in the number 
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Figure 10 : Cauliflower growth model 
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of branches carried for each successive (+I) Position is also close to I. The number of 
branches of higher Order (+I) carried is very low in comparison with cauliflower. When the 
flower buds were recorded as branches, the number of branches carried was up to 5 fold 
higher and the decrease in number of branches of higher Order (+I) carried for branches in 
successive Position was around 3. This result shows that the pattern of bud initiation is 
different to the pattern of branching. It seems that the broccoli spear follows the same 
branching pattern as cauliflower curd up to the initiation of branches of Order IV (for the 
broccoli spears analysed). After this point the apices of the meristem branches initiate flower 
buds directly. The apex of branches in low Positions produced flower buds with a shorter 
plastochron and then produced more flower buds than the apex of branches in higher 
Positions. 
2 .1.3 Mathematical estimation of the number of branches and 
meristems carried by a curd 
A model giving the theoretical number of branches of different Order carried by a 
curd was designed using the growth model previously described (Fig. 10). This 
mathematical representation uses three input parameters given by the biometrical analysis, 
and uses conventional mathematical expressions. 
Parameters 
Curd relative age= Number of branches of Order II = A 
Difference in number of branches of higher (+I) Order carried between two branches of the 
same Order but in successive Positions = B 
Difference in number of branches of higher (+I) Order carried between two branches in the 
same Position but of successive Order = D 
Notations 
(i) x! - factorial x (for example 3! = 1.2.3 = 6) 
(ii) 
n 
I, x. -the sum from Xj=l to Xi=n, with i taking all integer value between I and n 
I 
i=l 
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n 
L x.=1+(1+1)+(2+1)+(3+1)+ ...... +n 
I 
i=l 
(iii) en -the number of combination of n objects chosen from X differents objects. 
X 
C" 
X 
x! 
n!(x-n)! 
2.1.3.1 Mathematical equations given the number of branches of 
each Order carried by a theoretical curd for B=l 
Number of branches of Order I, 
Number of branches of Order IT, 
Number of branches of Order ID, 
0 =1 I 
0 =A II 
A-D 
Om= L xi or 
i=l 
.
. ~ xi= n(ntl) using the following sum property L... 
i=l 
(n+ 1)! =C2 
2!(n-1)! n+l 
A-20 
NumberofbranchesofOrderiV,Oiv= L L xk or o.v=C!+2(1-D) 
i=l k=l 
using the following sum property : 
n i k L L L _ n(n+l)(n+2) ...... (n+m) 
...... x,- 2.3 ...... m(m+l) 
l=lj=l 1=1 
(n+m)! =Cm+l 
(m+l)!(n-1)! n+m 
with m = number of sums (L) in the initial formula 
A-3D i k 
NumberofbranchesofOrderV,Ov= L L L x 1 or Ov=C!+3(l-D) 
i=l k=ll=l 
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A-(N-2)D i 
Number of branches of Order N, ON= L, L .. • .. • L X f 
i=l k=l f=l 
0 CN-1 or N = A+(N-2)(1-D) 
To have a meaning N-1 ~A+(N-2)(1-D) 
NEZ N~(A-1+2D)/D 
A diagramatic representation of the progression of number of branches for all Orders 
for curds of increasing size using described equations is given (Fig. 12). 
2 .1.3 .2 Mathematical equation given the theoretical number of 
meristems (apices) carried by a curd for B=l 
All curd branches have only one terminal apex and all meristems are an apex of a 
branch : the theoretical number of meristems carried by a curd M(A,B,D) is given by the sum 
of the number of branches of all Orders. 
A-D A-2D i A-(N-2)D i I 
M(AD)=1+A+[x 1+l, L.xk+ •••••• + l, :r, ...... :r,xr 
• i=l i=l k=l i=l k=l f=l 
C • c2 cJ eN-• M(A,D)= 1 + A+ A+(l-D)+ A+2(1-D)+ ...... + A+(N-2)(1-D) 
N-2 
1 ~ ci+l M(A,D)= +.'-'
0 
A+i(l-D) 
I= 
N EZ, N ~ (A-1 +2D)/D 
The number of meristems carried and given by the previously described equation displays an 
exponential growth (logarithmic transformation of the values gave a linear curve) (Fig. 13). 
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The exponential equation for 0=16 and 8=1 can be estimated to: 
Marketable curd of the two genotypes analysed possess between 110 and 120 branches of 
Order 11 (A). This gives an estimated number of meristems between 4.6 million and 17.2 
million. 
2 .1.3 .3 Evolution of the theoretical number of meristems carried 
by a curd for variable values of B and D 
Analysis of the influence of these factors (8 and D values) has been conducted using 
a computed expression of the growth model (Appendix IV). The use of aD value integer 
different from 16 shows a strong influence on the number of meristems carried (Fig. 13). 
When D increases the number of meristems decreases exponentially. 
The use of a 8 value non integer, different from 1, also shows a strong influence on 
the number of meristem carried. It is very important to notice that following the described 
model, 8 cannot take a value too different from 1 otherwise it contradicts the biometrical 
observations (Fig. 8).ln fact when 8 differs from 1 the difference between branches of 
different Order, but at the same Position in terms of the number of branches of next higher 
(+ 1) Order carried, is no longer linear (Fig. 14). To have a meaning 8 must be close to 1 
between the extreme values of0.9 and 1.1. Interestingly when 
B ~A/(A-D) 
the system no longer tends to a affine value but to infinity (Fig. 14). For 8 values in 
accordance with the previous conditions the number of meristem carried is exponentially 
higher with 8 value higher than 1 and exponentially lower with B value lower than 1 (Fig. 
15). 
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Figure 15 : Theoretical number of meristems (M) carried by a 
curd for variable values of B and D and a constant value for A 
(A=70) 
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2.1.4 Discussion 
Apices, regardless of their Order and Position, exhibit the same pattern of activity. 
The meristem apex and primordia organisation is constant, as are the phyllotactic parameters. 
The branching pattern was demonstrated to be the same regardless of the Order or Position 
of the branches studied. This phenomenon highlights the low level of apical dominance 
expressed in a curd, confirming earlier reports (Aarnlid 1952; Sadik 1962) and demonstrated 
experimentally here for the first time. In cauliflower apical dominance is very strong both 
before curd initiation and subsequently during stem elongation leading to floral development. 
In contrast, in broccoli spears apical dominance appeared to be partly restored after the stage 
of 'cauliflower curd-like' production. With broccoli the oldest branches of the main apices 
produce more flower buds than the youngest branches. For cauliflower apical dominance 
resumes when branches at the periphery of the curd start to elongate transforming the 
'spherical' curd into a flat plateau. Later, some branches exhibit a further vigorous 
elongation and set flowers, when most of the curd remains unchanged under dominance 
often from periphery branches. In broccoli the meristem acquires floral identity on the 
surface of the curd whilst for cauliflower a subtending stem elongation is required under 
normal conditions. The physiological defect called 'riciness' (Table 1) reproduces on the 
cauliflower curd, at a different level, a 'broccoli' phenotype. This defect is under genetic 
control and usually is expressed in unfavorable environmental conditions (Watts 1966a). 
This observation gives evidence that broccoli and cauliflower are derived from the same gene 
pool as reported by Gray (1993a). Broccoli could have been selected from curds which 
expressed an early floral identity, in fact to be very 'ricey', whilst cauliflower has been 
selected to present a smooth curd and a late determination of the meristem floral identity. On 
the other hand cauliflower could have been selected from broccoli type plants and the defect 
would be a reminder of this linkage. 
The cloning of genes involved in meristem floral and inflorescential identity is a very 
active Held of molecular genetics (Shannon and Meeks-Wagner 1993). The number of genes 
involved in curd production is known to be low (Hervt~. personal communication). A single 
mutation of the gene CAUliFLOWER (CAL) in combination with a second mutated gene 
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APETALA 1 has been demonstrated to direct the production of a curd-like organ in 
Arabidopsis thaliana (Bowman et al. 1993; Kempin et al. 1995). In this field it is important 
to have the correct biological and botanical knowledge in order to identify the effect of each 
gene mutation. The presented biological explanation of curd architecture should help in 
research into the genetic determination of curd development. The cauliflower curd is a unique 
'preinflorescence' which makes it an ideal model to study the genes involved in the prefloral 
stage of development. 'Abnormal' phyllotactic organisation such as fusion of apices (data 
not shown) can be observed on curd and appears to be a typical defect of homeotic gene 
expression. The difference in timing for the aquisition of the floral identity between 
meristems of cauliflower and broccoli, and all the other differences observed, should help 
the understanding of the genetic background involved in prefloral and floral phenomena. 
The cauliflower phyllotactic pattern appears to change during plant growth. Young 
seedlings have a decussate phyllotaxy (cotyledons) that later become constantly spiral (true 
leaves) as a plantlet with an orthogonal (2: 3) parastichy system (Williams 1975) changing 
to (3 : 5) (Sadik and Ozbun 1968) and lastly, as demonstrated by Sadik ( 1962) and by this 
study, a non orthogonal (5 : 8) parastichy system for the curd. This evolution reflects an 
increasing plastochron ratio during plant development. 
The production of a visual model of a curd is difficult. The phyllotactic and 
branching pattern has been described but to produce a visual model it is also necessary to 
make a biometrical analysis of the stem (branch) development in width and length. It is also 
important to study the angle between branches and the axes carrying them. These analyses 
could help in understanding the difference between the smooth cauliflower type and the more 
pyramidal type such as Romanesco. Since many of the cosmetic characters of the curd 
conformation have been reported to be under polygenic control (Watts 1966b), analysis of 
phyllotactic and branching patterns of curds expressing defects such as 'buttoning' and 
'holing' could yield useful explanations. The study of the phyllotactic spiral relied on planar 
analysis whereas on the whole curd they are three dimensional. A precise analysis of the 
vertical relationship of primordia is needed to develop a model of the so called loxodromic 
spirals involved. Van Iterson (1907) (reported by Meicenheimer 1980) studied systems on 
cylindrical and conical surfaces, his equation should make the analysis accessible. Provided 
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that these parameters have been quantified, it should be quite easy to set up a visual model 
using a computer programme. Another alternative would be to use a programme already set 
up based on a stochastic approach to analysis of meristem activity (De Reffye et al. 1991). 
Programmes (AMAPMOD and AMAPSIM) developed by the team of Philippe De Reffye 
(1988; 1993) gives very impressive models of plants. Comparison of the described curd 
architecture with reported plant architecture models (Halle et al. 1978) shows that none of 
them fit the curd structure perfectly; the closest one for the period of curd production is 
Attim's model they reported as 'likely in herbs'. 
The fact that all apices expressed the same pattern of phyllotaxy and branching 
explain the curds self-similarity. This phenomenon is so obvious that a polar view of a curd 
looks very similar to an SEM micrograph of an inflorescential meristem, with the newly 
arisen meristem corresponding to the big branches of Order 11. The lack of dominance and 
the stability of the meristem activity creates a kind of magnification effect of the initial 
inflorescential motif, revealing a microscopic structure at a macroscopic level. It is 
nevertheless important to note that the curd is not perfectly self-similar due to stem 
thickening (Mandelbrot 1983). 
The variability encountered in the phyllotactic parameters was reported to be cyclical 
in relation to primordia and branch Position (Hardwick 1984). A model to explain this 
variability was examined but unfortunately, on those curds studied no cyclical variation was 
observed. Variations appeared randomly and are probably caused by growth variation, 
phyllotaxy abnormalities (Appendix Ill) and disruption due to environmental fluctuation. 
The estimate of the number of meristem for a marketable curd (carrying 120 branches 
of Order ll) was around 17 million. The commonly reported value is several hundred 
thousand (Margara and David 1978), however, Amlid ( 1952) reported a figure of 5 million 
meristems for curds carrying branches up to the 5th Order but he did not give more 
information about the curd used. The curds used in the present study appear to carry much 
higher Order branches up to 9th Order. In order to reach the 5 million apices A a m lid claims 
to have counted it is necessary for the model to have a curd carrying 111 branches of Order 
ll. The described model is considered as reasonable with the two main parameters (D and B) 
equal to 16 and I. Nevertheless it is possible that more extensive study would reveal that D 
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varies with the age of the curd, especially with very immature stages not studied here. It also 
appears that B is not equal to l at a very early stage of apex development. Each apex needs to 
reach an optimal size to reach the reported plastochronic activity. This explains why the 
curve of the B analyses (Fig. 8) are flattened at the end. It is also possible that the study of 
other genotypes especially from the autumn and winter types, could lead to different values 
of D and B. However it is highly probable that these two parameters, especially B, and the 
model itself, depend on the activity of a small number of genes necessary to obtain a good 
agronomical curd. Therefore these observations are probably fundamental parameters of 
curds and constant between genotypes. 
Curd growth is exponential and this explains why the marketable stage is only short 
lived and rapidly passed. This type of growth must sooner or later outstretch the capacity of 
the plant to supply the growing organ with photosynthetic assimilate as branches are evenly 
supplied (Hard wick and Howkins 1985). It is possible that this expected nutritional stress 
influences the stage of curd bolting to flower and the location of the branches involved in the 
elongation. However the latest hypothesis to explain the pattern of curd bolting pattern is 
based on molecular evidence obtained from Arabidopsis thaliana and suggests that floral 
induction depends on a threshold of expression of a single gene (LFY) which slowly 
accummulates during curd growth, explaining why some areas of curd reach it before others 
(Bowman et al. 1993). 
Curd meristems have the potential to develop into shoots in in vitro culture conditions 
(Pow 1969; Crisp and Walkey 1974). From the analysis produced here it seems that the 
number of meristems carried by a curd are much greater than previously reported and 
therefore it seems that the potential of this tissue for cauliflower micropropagation is very 
high. It seems that it has been so far substantially underestimated though Crisp and Tapsell 
(1993) suspected that this was the case. The next step of this study will be to assess the 
limiting in vitro factors which have so far hindered this potential. 
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2.1.5 Conclusion 
The study presented here provides further understanding of the growth and 
architecture of the cauliflower curd. It shows that the high levels of ramification observed in 
curd are due to a lack of dominance between the apices and that the high level of organization 
and self-similarity are the consequence of the constancy of the apex activity (organogenic, 
plastochronic, phyllotactic) whatever their Position or Order. The mathematical model begins 
to elucidate curd size and complexity. The estimation of the number of meristems carried 
suggests the micropropagation potentiality of this tissue since each of these meristems has, 
theoretically, the potential to produce a shoot. The biometrical approach may also be useful 
for the analysis of physiological abnormalities such as buttoning and holing since 
architectural defects could be involved. The understanding of curd architecture for 
cauliflower and for broccoli will contribute to the understanding ofthe genetic control of 
floral and inflorescential development. 
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2.2 Cauliflower micropropagation using curd meristems 
Meristems are the basic unit used in plant micropropagation, they are the most 
genetically stable part of a plant and in consequence the most suitable for production of true-
to-type propagules. Clonal multiplication is of paramount importance in modern cauliflower 
breeding programmes and is most needed for the maintenance of elite lines such as the 
parents of F1 hybrids which are usually strongly self incompatible or male sterile. 
Maintenance of these lines using seed requires time consuming manual self-pollination of 
immature flower buds, or costly equipment (gas-proof isolation chamber for carbon dioxide 
treatment) to overcome self incompatibility, or maintainer lines which are not always 
available for male sterile lines. Micropropagation using curd rneristems has been used for 
some time to maintain parent lines and bulk up plants prior to seed production (Crisp and 
Walker 1974). It has also been used for the production of virus-free cauliflowers (Walker et 
al. 1974), and for the early screening of curd quality (Crisp and Gray 1979). More recently 
this tissue has been used as a source of protoplasts (Y ang et al. 1994) and for chemical 
mediated mutagenesis (Deane et al. 1995). The technique of curd meristem micropropagation 
for cauliflower clonal propagation is now well established, but despite a few extensive 
studies (David and Margara 1980; Torres et al. 1980a; Kumar et al. 1992), fundamental 
information concerning this culture system is scarce. The earlier finding in this thesis of the 
number of meristems available on a single curd highlights that the reported micropropagation 
protocols using this material are very inefficient. The aim of this subchapter is to investigate 
the factors limiting the efficiency of micropropagation systems, to improve the understanding 
of shoot regeneration from curd meristem and to establish a protocol which better utilises the 
full potential of cauliflower curd tissue. 
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2.2.1 Factors limiting shoot regeneration 
The fact that it is rather easy to regenerate shoots from curd meristem has not pushed 
authors to investigate the micropropagation system in depth since the requirement for 
production of a small number of propagules per curd is easily fulfilled. Nevertheless 
multiplication on a larger scale demands a better understanding of the culture system. From 
the reported experimentation several important observations and questions arise : 
(i) The explant tissue structure seems to have been oversimplified. In fact curd carries 
different types of meristems. David and Margara (1980) have been the only authors to 
investigate the response of these different meristems in culture. 
(ii) The origin of the regenerated shoot on the explant remains unclear. Some authors clearly 
regenerated shoots from proliferating (callusing) tissue of the curd explant (Li and Qiu 
1981; Shah et al. 1993). With other reports the proportion of shoots regenerated de 
novo from pre-existing meristems as well as the conditions of regeneration have rarely 
been accurately reported. 
(iii) The reported physical properties of the explant used are very variable. Explants have 
been produced which are small integer 'florets' (branch) with a single injury, the cut 
pedicel, or as a cut cube of tissue with significantly more tissue damage. Explant size 
(diameter) also varies considerably (Table 17) which has consequences with respect to 
tissue age, complexity, and number of pre-existing meristems carried. 
Table 17 : Reported explant size-class used in cauliflower curd meristem culture systems 
Authors Average diameter Authors Average diameter 
of explant (mm) of explant (mm) 
Pow 1969 3.0-7.0 David and Margara 1979 <1.0 
Walkey et al. 1970 2.0-5.0 David and Margara 1979 4.0 
Walkey et al. 1974 1.0-3.0 Li and Qiu 1981 2.0-3.0 
Crisp and Walkey 1974 2.0 Mar6ti and Bogmir 1984 2.0-3.0 
Grout and Crisp 1977 2.0 Yanmaz et al. 1986 5.0 
Rhan-Sochet 1977 5.0 Kumar et al. 1992, 1993 3.0 
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(iv) The explant physiological status has been poorly described. Successful 
micropropagation must depend on the physiological state of the mother curd, and curd 
physiology and quality can vary significantly with age and climatic conditions (Crisp and 
Tapsell1993). The location on the curd from where the explants were collected has 
rarely been reported, and it is possible that a physiological gradient within the curd exists 
as reported in curd stem branches (Margara 1982). 
(v) Fundamentally, it is not clear if curd meristems are determined to produce flowers or are 
not, and if they need to undergo a devernalization process in vitro before producing 
shoots or not. 
The following experiments try to clarify these aspects of the culture system with the 
aim of determining the factors limiting the scale of multiplication. 
2.2.1.1 Material and methods 
Plant material 
Six varieties of cauliflower were used : three winter heading types Jakez (Fl hybrid), 
Fanch (Fl hybrid) (Organisation Bretonne de Selection), and Briac (O.P.) (Clause Ltd); two 
autumn heading types Arbon (Fl hybrid) and Dova (Fl hybrid) (Royal Sluis Ltd); and one 
summer heading type Plana (Fl hybrid) (Royal Sluis Ltd). The plants were grown according 
to good commercial practice (MAFF 1982) both in the field and in the glasshouse. 
Explant production 
Large pieces of curd (1-5 cm) were surface sterilised : 
(i) 30s in 70% ethanol. 
(ii) 15 min in 10% commercial bleach (sodium hypochlorite 0.6% active chlorine). 
(iii) Sequential washings for 5, lO, 15 m in in distilled sterile water . 
Explants were produced manually with a scalpel under sterile conditions. Pedicels were 
sectioned to produce small integer branches. Explants were graded into size-classes using 
precision sieves of decreasing aperture size (7.0, 6.0, 5.0, 4.0, 3.0, 2.0, l.O, 0.6, 0.3, 0.2, 
0.1, 0.05 mm). Below 1.0 mm the explants were maintained in a liquid osmotic protective 
solution W5 (Menczel et al. 1981) during size grading. 
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In vitro culture conditions 
The explants were cultured on semi solid medium (7gll agar), derived from Murashige 
and Skoog ( 1962) according to Anderson and Cars tens ( 1977), supplemented with Kinetin 2 
mg.J-1 and Indole-3-Butyric acid (ffiA) 1mg.J-1_ Light in the culture room was supplied by a 
mixture of cool and warm white fluorescent tubes (spectral photon fluence 34 J.LI11ol.m-2.s-2) 
with a photoperiod of 16 hrs. Temperature was maintained at a constant 19±1 °C. 
Experimental design 
Each experiment was replicated at least twice and 20-50 explants were cultured for 
each treatment. The explant culture density was five explants per container (unless specified) 
which contained 20 ml of culture medium. Developing ex plants were transfered to new 
medium after one month and shoot production recorded after a further month in culture. 
(i) Curd physiological state 
These experiments were set up to assess the physiological homogeneity of meristems within 
the curd by culture of explants collected from different locations on the curd. The study was 
carried out on curds of different maturity. 
'Marketable' curd 
Genotypes used: Dova, Jakez. 
Explant location on curd: summit or periphery. 
Explant size-classes used : 2-3 mm, 3-4 mm, 4-5 mm, 5-6 mm, 6-7 mm in 
diameter. 
Curd of advanced maturity (one month after 'marketable' stage) 
Genotype used : Plana. 
Explant location on curd : 
(i) Summit: explant white, compact with no sign of pedicel elongation. 
(ii) Intermediate: explant white, compact with beginning of pedicel 
elongation. 
(iii) Periphery: explant pink, loose with pedicel in elongation. 
Explant size-class used: 1-2 mm in diameter. 
Furthermore the influence of the age of the curd used on explant shoot regeneration was 
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assessed. Explants were collected sequentially from a single curd or from different curds at 
different times. 
Sequential explant collection from a single curd 
Genotype used: Plana (3 months old, 'marketable' stage). 
Explant location on curd : Periphery. 
Date of explant collection: from 'marketable' stage onwards every three days (0, 3, 
6, 9, 12, 15 days). 
Explant size-class used : 3-4 mm in diameter. 
Sequential explant collection from different curds 
Genotype used :Plana (3 months old, 'marketable' stage). 
Explant location on curd : Periphery. 
Date of explant collection: 0, 15 and 30 days after 'marketable' stage. 
Explant size-class used: 3-4 mm in diameter. 
(ii) Explant physical parameters 
These experiments were designed to assess the influence of explant size and morphology on 
shoot regeneration ability. 
Explant size-class influence 
Genotype : Jakez, Arcade. 
Explant location on curd: All locations on the curd. 
Date of explant collection : 'Marketable' stage. 
Explant size-classes used: 0.05-0.1 mm, 0.1-0.2 mm, 0.2-0.3 mm, 0.3-0.6 mm, 
0.6-1.0 mm, 1.0-2.0 mm, 2.0-3.0 mm, 3.0-4.0 mm, 4.0-5.0 mm, 5.0-6.0 mm 
and 6.0-7.0 mm in diameter. 
Data recorded : The number of shoots produced per explant was recorded after two 
months in culture with no transfer to new medium. The recorded shoots were 
grouped in three size length classes, over 1.0 mm, 0.5-1.0 mm and under 0.5 mm 
long. 
Pedicel length and bract influences 
Genotypes used : Briac, Arcade. 
Explant location on curd : All locations on the curd. 
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Date of explant collection: 'Marketable' stage. 
Relative pedicel length : (i) Long with or without subtending bract. 
(ii) Medium without subtending bract. 
(iii) Small without subtending bract. 
Explant size-class used: 3-4 mm in diameter. 
Data recorded : The number of shoots produced per explant was recorded with 
respect to their origin ie. explant summit for shoots developing from pre-existing 
meristems and explant pedicel for shoots developing from neoforrned meristems. 
(iii) Genotype 
The influence of genotype on the number of shoots regenerated per explant was studied. 
Genotypes used : Plana, Jakez, Dova. 
Explant location on curd : All locations on curd. 
Date of explant collection: 'Marketable' stage. 
Explant size-class used : 3-4 mm in diameter. 
(iv) Culture conditions 
The influence of transfer to new medium and explant culture density on the number of shoots 
regenerated per explant was assessed. 
Influence of the transfer to new medium 
Genotypes used: Arcade, Jakez. 
Explant location on curd: All locations on curd. 
Date of explant collection: 'Marketable' stage. 
Explant density : 5 explants per container. 
Time of transfer to new medium : 0 or I month after culture initiation. 
Explant size-class used: 2.0-3.0 mm, 3.0-4.0 mm, 4.0-5.0 mm, 5.0-6.0 mm 
and 6.0-7.0 mm in diameter. 
Interaction between time of transfer and explant culture density 
Genotype used: Arbon. 
Explant location on curd : All locations on curd. 
Date of explant collection : 'Marketable' stage. 
Explant density : I, 3 or 5 explants per container. 
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Time of transfer to new medium : 0, l, 2 or 3 weeks after culture initiation. 
Explant size-class used : (3.0-4.0) mm in diameter. 
Data recorded : The number of explants produced per explant was recorded as well 
as the diameter of the growing mass of shoots. 
Statistical analysis 
All data collected were assessed statistically by analysis of variance (ANOV A), or 
using the derived general linear model (GLM) for analysis where unbalanced data sets were 
used using the statistical programme Minitab® 9.2 (Minitab Inc.). For the determination of 
significance, the probability of the F test (p) to reject the null hypothesis was examined at the 
significance levels of 5, I and 0.1 %; where the F-test showed significance further analysis 
was carried out in order to detennine which means were significantly different from each 
other, using the Tukey test. 
2.2.1.2 Results 
Curd physiological status 
(i) Homogeneity of physiological status within the curd 
For the variety Jakez the difference between the mean number of shoots recovered per 
explant from the summit and from the periphery were not statistically significant (Table 18). 
For the variety Dova differences were statistically significant (P<0.05 and P<O.Ol) for three 
size-classes (2-3mm, 3-4mm, 5-6mm) (Table 18). Nevertheless, the differences in terms of 
numbers of shoots represents less than 10% of the total shoots produced per explant. No 
significant interaction could be detected between initial explant location and size-class. For 
the curds of advanced maturity differences between explants from three locations showing 
different stage of floret bolting were statistically significant (P<0.01) for the three locations 
((summit) 13.25 ± 0.78; (intermediate) 11.08 ± 0.69; (periphery) 4.05 ± 0.48). 
Quantitatively the number of shoots recovered per explant declined when the explants were 
collected from elongating peripheral branches. Qualitatively this is due to the production of 
many flower buds and abortion of numerous meristems. In these conditions only a small 
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Table I 8 : Effect of the explant location on the mother curd and size-class on the number of shoots recovered per explant 
Explant size-
class (mm) 
Mean number of shoots produced per explant* for each genotype and explant initial location 
Dova (Summit**) Dova (Periphery**) F-test Jakez (Summit**) Jakez (Periphery**) F-test 
2.0-3.0 
3.0-4.0 
4.0-5.0 
5.0-6.0 
6.0-7.0 
51.63±1.89 
64.05±1 .63 
81.11±1.67 
87.05±3.11 
105.98±2.00 
• Values shown± Standard error 
58.54±2.25 
74.48±2.71 
83.37±2.41 
100.23±3.19 
110.43±3.00 
s 41.33±2.25 
s 45.55±2.51 
NS 58.10±2.37 
s 74.05±2.54 
NS 80.32±2.46 
•• Explant collected at the Summit or at the Periphery of the mother curd 
S : Values significantly different at the 5% level of probability 
NS : Values non significantly different at the 5% level of probability 
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Figure 16 : Influence of the curd age on the number of shoot regenerated per 
explant (letters indicate groups of statistically different values, Tukey-test 5%) 
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NS 
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NS 
fraction of meristems did effectively produce shoots. 
(ii) Curd age 
The mean number of shoots recovered per explant, from a single curd, during the first 
9 days from the 'marketable' stage were not statistically different (Fig. 16). After this date 
however the mean declined markedly and the difference became highly significant 
(p<O.OO 1). For explants collected from different curds of the same genotype the decline in 
mean number of shoots per explant occurred later, after at least 15 days from the 
'marketable' stage. This difference could indicate that in the first the physiological status of 
the explant could have been influenced by the previous collection of explants, which seemed 
to speed up the maturity process. Interestingly in another experiment the curd used had been 
wilted for several hours but recovered after being watered; all explants collected from this 
curd produced virtually no shoots but numerous flower buds which subsequently aborted. 
Explant physical parameters 
(i) Explant size-class 
The explant size-class significantly influenced the number of shoots produced per 
explant (P<O.Ol), with the smaller the explant the lower the number of shoots produced per 
explant (Fig. 17) but the mean number of shoots per explant is not statistically different for 
the five largest size-classes. If only the largest shoots produced per explant are considered 
then the mean of the five larger size-classes were also not significantly different. The large 
shoots are the ones that are interesting for micropropagation and consequently it appears that 
for direct shoot production it is not useful, with this culture system, to use explants larger 
than 2 mm. It is also interesting to note that the proportion of large shoots to the total number 
of shoots produced per explant constantly increases from 13% for explants of size-class 7-
6mm to virtually 100% for the smaller size-classes. Nevertheless, explants must remain 
above 0.1 mm in diameter because below this level no shoots at all were regenerated. In fact 
the smallest fully developed meristems present on a cauliflower curd are over 0.1 mm in 
diameter meaning that small explants less than 0.1 mm do not carry any pre-existing 
meristems. Qualitatively, for big explants, only shoots developing at the periphery of 
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0 Shoots > 1.0 cm 
• Shoots 0.5-1.0 cm 
• Shoots< 0.5 cm 
T Standard error 
0.1-0.0502-0.1 0.3-0.2 0.6 - 0.3 1.0-0.6 2.0-1.0 3.0-2.0 4.0-3.0 5.0 - 4.0 6.0-5.0 7.0-6.0 
Explant size-clas (mm) 
Figure 17 : Number of shoots produced per explant in relation to their size-
class (genotype Jakez) (LSR 5%, differences greater than this are significant 
at the 5% level of probability) 
Plate 4: Cultured explants of five size-classes (genotype Arcade). Explants cultured 
at density of five explants per container (20 ml culture medium) for two months 
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explants develop into large shoots, whilst in the centre of the explant shoot buds grow very 
slowly. As a consequence, with small explants (<lmm) shoots develop more 
homogeneously (Plate 4). 
(ii) Explant pedicel length 
Developing shoots were observed deriving from the summit of the explant (Plate Sa,b) 
presumed to be from pre-existing meristems and also from the pedicel of the ex plants (Plate 
5a,c) presumed to derived from neoformed meristems. The presence of an axillary bract did 
not significantly influence the number of shoots produced per explant even if it occasionally 
allowed the regeneration of shoots from its axil. However the length of the pedicel highly 
significantly influenced (P<O.Ol) the number of shoots produced by both ends of the explant 
(Fig. 18). Explants with a small pedicel allow more pre-existing meristems to develop into 
shoots but regenerate virtually no shoots of an adventitous origin. The dramatic reduction in 
meristem neoformation is highly statistically significant for Briac but not for Arcade since the 
shoot regeneration from neoformed meristems was already very low. 
Genetic background 
Genotype influenced the type of explant development with variability in strength of 
dominance between the small newly formed shoots, and as a consequence, the number of 
shoots produced per explant. In an early test three genotypes were compared, one summer 
heading type (Plana) one autumn heading type (Dova) and one winter heading type (Jakez). 
The difference of the mean number of shoots produced per explant was not statistically 
significant between Plana (57 .80±2.96) and Dova (66 .30±2 .41) but Jakez ( 4 7 .33±2.37) 
was significantly less reactive (P<0.01). A more extended analysis of genotypes will be 
presented in a later section. Compilation of the different experiments of this subchapter in 
terms of shoot regeneration and origins on explant for four genotypes analysed show a clear 
effect of the genetic background. In all genotypes the large majority of the shoots were 
regenerated from pre-existing meristems (upper part of the explant) (fable 19). The 
proportion of shoots regenerated from bract axilled meristems is low (<1 %) and seems 
independent of genotype. The proportion of shoots regenerated de novo appeared to vary 
widely between genotypes. For Dova, Jakez and Arcade they represent less than 4% of the 
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Plate 5 : Location of regenerated shoots on explants 
(a) Side view of a developing explant carrying many shoots originated from the pre-existing meristems 
(explant summit) and also neoforrned shoots from the cut pedicel end (arrow) (Bar= I cm) 
(b) Close up of buds developing from pre-existing meristems (Bar= 0.25cm) 
(c) Close up of buds neoforrned from explant cut pedicel end (Bar= 0.25cm) 
I 
11) 
... 
0.. 
11) 
-s 
60 b 
e 50 ab 0 .... a 
.:::: ~ ] Q. 40 0 >< 
::l 11) 
e ... 11) 0.. 0.. 
"' 
30 tl 8 0 8 0 
.: 
"' 
"' 
·c 20 
..... 
11) 
0 8 
... ~ 11) 10 .&J 
e ·a 
"' ::l ";(z 11) 
0 
"' <l? 1:? \;) Q ::l 0 .... 
-a 11) 0 
c 0.. 
~ "0 d 11) 
"0 0 10 «< ::l 
'0 e 
.... 0.. ] c 11) tl 20 c ~ 8 c ::l 0.. 
z .Q >< 
"' 
11) 30 
Pre-existing 
meristems 
Pedicel 
Bract 
Figure 18 : The effect of the amount of stem tissue (pedicel length) carried by the explant on the number 
of shoots regenerated per explant (letters indicate groups of statistically different values, Tukey-test 5%) 
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total shoots regenerated but for Briac they account for 34% of the total shoots. The shoots 
regenerated from neoformed meristems on the explant pedicel usually develop very 
vigorously and dominate the other regenerated shoots. 
Explant culture conditions 
Transfer after one month of culture to fresh culture medium gave a statistically 
significant increase of the mean number of shoot recovered per explant (fable 20) for the 
five size-classes tested. In fact without transfer, the number of shoots recovered is very low 
and most of the shoots were still at the bud stage. Further experiments tested the effect of a 
transfer to new medium after one, two or three weeks for a culture density of one, two or 
five explants per container. Over this time period the effect on mean number of shoots 
produced per explant was not statistically significant for the density of one explant per 
container but was significant for higher densities. Similar results were recovered when 
transfers were made after two weeks in culture for the density of three explants per 
container. The difference in term of shoot size was also statistically significant (P<O.Ol) with 
larger shoots recovered after transfer for all culture densities, with a stronger effect with the 
late transfer (Fig. 19). 
These experiments highlight the fact that when there is more than one explant per 
container, the culture medium available is limiting the number of shoots recovered per 
explant. Increasing the nutrient supply allows regeneration of more shoots per explant. For 
all culture densities increasing the nutrient supply yielded larger and better quality shoots. 
2.2.1.3 Discussion 
Meristems carried by the curd do not seem to be predetermined to produce flowers 
despite the fact that curd production is triggered by vemalization treatment. Production of 
shoots instead of flowers occured in most of the experiments. Production of flowers was 
only observed following extreme stress or with the use of ex plants from curds of advance 
maturity. Under such conditions meristems appeared to have already taken the floral identity. 
Despite the easy production of shoots from cultured curd meristems the experiments revealed 
that their organogenic properties appeared to be under several levels of control viz: 
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Table 19 : Compilation of experiments for location of regenerated shoot on explant for 
four genotypes 
Genotype Total number of regenerated shoot in relation to their origin on the explant• 
Summit Pedicel side Pedicel cut end 
(Branch meristems) (Bract axilled meristems) (Neoformed meristems) 
Jakez 4663 (97.3%) 10 (0.2%) 120 (2.5%) 
Arcade 2773 (96.5%) 6 (0.2%) 96 (3.3%) 
Briac 3129 (66.9%) 12 (0.3%) 1609 (33.9%) 
Dova 6282 (99.7%) 0 (0.0%) 19 (0.3%) 
• Number of shoots observed for each location and percentage of the total number of shoots 
observed for each genotype 
Table 20 : Effect of transfer to fresh culture medium on the number of shoots regenerated per explant 
Explant size- Mean number of shoots produced per explant* with or without transfer to fresh medium for each 
class (mm) genotype 
Arcade (+transfer) Arcade (-transfer) F-test Jakez (+transfer) Jakez (-transfer) 
2.0-3.0 19.55 ± 2.12 10.90 ± 1.01 s 26.10± 2.12 18.40 ± 1.91 
3.0-4.0 27.55 ± 2.82 10.75 ± 1.32 s 28.00± 2.69 22.05 ± 2.28 
4.0-5.0 28.20± 3.46 10.60 ± 1.57 s 35.00 ± 4.21 20.90± 2.85 
5.0-6.0 41.25 ± 5.27 19.65 ± 1.88 s 41.40± 4.59 2 1.90 ± 2.76 
6.0-7.0 44.65 ± 5.81 13.00 ± 2.37 s 36.10± 4.24 26.85 ± 3.88 
Ex plants cultured for two months with or without transfer to fresh medium after one month of culture 
(5 ex plants per container for 20ml of culture medium)) 
• Values shown± Standard error 
S : Values significantly different at the 5% level of probability 
5 
I interaction LSR5% 4 
Explant density in culture 
3 0 I explant per container 
(] 3 explants per container 
2 
• 5 ex plants per container 
T Standanl error 
0 2 
Time of transfer to fresh medium (Weeks) 
Figure 19 : The influence of the explant density and time of transfer to fresh 
medium on the resulting explant diameter.(LSD 5%, differences greater 
than this are significant at the 5% level of probability) 
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(i) Curd genetic background and physiological status 
The age or level of maturity of the curd from which explants were collected appeared 
to influence the frequency of shoot regeneration when the'marketable' stage is passed. Until 
this stage the curd seems to be physiologically homogeneous with no dominance of one part 
of the organ upon another as demonstrated by biometrical analysis (see 2.1). The in vitro 
response appeared in most cases to be independent of the explant location for immature curd. 
Curd did not display the gradient of in vitro reactivity observed for shoot regeneration from 
curd stem segments (Margara 1982). Nevertheless when visual heterogeneity appeared 
(beginning of bolting) the in vitro response became concomitantly affected. Explants from 
elongating branches usually at the curd periphery produced less shoots and more flowers. 
This stage appeared to be the time when most of the meristems become determined to flower 
or abort and the curd became physiologically heterogeneous. For micropropagation 
experiments explants must be collected before this phase occurs. 
Environmental stresses such as tissue injury or water stress seemed to increase the 
pace of curd maturity and were then, not surprisingly, detrimental for shoot production. A 
genotypic effect has also been observed with cultivars producing significantly more shoots 
per explant than others. This effect of the genetic background is widely reported in plant 
tissue culture (Farnham and Nelson 1993). 
(ii) Explant physiological and physical parameters 
Explants used were small integer branches of different size-class. The study 
previously reported (see 2.1) showed that curds are the product of a constant process of 
meristem production and branch ramification with little dominance. Consequently ex.plants 
(branches) of a constant size must have a very similar structure, a similar number of 
ramifications and furthermore, meristems of the same age. The pattern of explant response in 
vitro was similar for explants of different size-classes and location showing no effect on 
organogenesis of explant age. Nevertheless the explant size greatly influenced the number of 
shoots regenerated per explant but this is attributed to the larger number of meristems 
carried. The number of shoots recovered increased concomitantly with the explant size. In 
vitro, explants of all sizes initiated shoots but on the large ex plants, dominance became 
visible with shoots growing faster in peripheral positions. Two phenomena could explain 
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this observation : firstly a better supply of nutrient for the shoot directly in contact with or 
close to the culture medium; secondly internal limitation of the developing meristems. This 
occurs naturally with a flowering curd which limits the number of branches elongating and 
meristems effectively producing flowers to less than I% of the total number of original 
meristems. Both phenomena are probably linked with a control of the nutrient allocation via 
the pedicel. Effectively the length of the explant pedicel appeared to influence the number of 
shoots regenerated per explant. It seemed that long pedicels led to more dominance within 
the explant. Clearly pedicels are key elements in maintaining an integrated relationship 
between regenerated shoots probably by the nutrient supply but possibly also by 
phytohormone production or regulation affecting tissue organisational relationships. Indeed 
Margara ( 1982) proposed that the interruption of tissue correlation by explant removal was a 
key factor in the induction of the caulogenic response of the explant. He also reported 
differences in organogenic response for small explants always producing shoots whilst 
larger explants were able to produce small curd.lt is clear in this report that the smaller 
explants never regenerated anything else other than shoots even when mature curd was used. 
It is possible that in small explants the internal phytohormone balance is more easily 
modified than in bigger explants. Small explants regenerated stronger shoots often rooting 
spontaneously indicating a good reorganisation (polarisation) of the explants. Explant pedicel 
size influenced the level of neoformation of meristems. This neoformation occurred at the cut 
edge of the pedicel and apparently cannot appear from tissue too close to pre-existing 
meristems. 
(iii) Culture system 
The nutrient supply appeared to be of paramount importance. In previously reported 
experiments (Table 17) explants used were frequently 1-3 mm in size which corresponds to 
several hundred pre-existing meristems per explant. Since at the beginning of culture many 
meristems start to develop without dominance the medium requirement must increase 
exponentially with time. It is obvious that under such conditions the available nutrients must 
quickly become limiting to growth of all of the initiated shoots. This explains why any 
transfer to fresh medium induced more shoots to develop and led to the recovery of better 
quality shoots.lt also explains the beneficial effect of using small explants which carry fewer 
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pre-existing meristems and therefore more nutrients become available for each developing 
bud. Explants with small pedicels probably regenerated more shoots because the supply of 
nutritents is more direct to the buds. From the literature it is clear that many other parameters 
of the culture system can influence the shoot regeneration efficiency such as light intensity 
(Kumar et al. 1993), agar concentration (Fuller, personal communication) and 
phytohormone balance (David and Margara 1979; Mar6ti and Bogmir 1984; Yanmaz et al. 
1986). Nevertheless nutrient supply could be postulated to be the key limiting factor since 
most authors were not aware of the very high numbers of meristems they were putting in 
culture even with explants of a few millimetres in diameter. 
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2.2.2 Protocol for mass production of cauliflower propagules 
Clonal micropropagation of cauliflower is widely used for maintaining and 
propagating elite genotypes. Nevertheless the conventional protocols used are labour 
intensive and very inefficient by comparison with the micropropagation potential of curd. 
The work reported (see 2.1) shows that millions of meristems are available on each curd, 
and that the main factors influencing the culture system are explant size and nutrient supply 
(see 2.2.1). Reducing explant size reduced the complexity of the system by removing 
endogenous factors which interact with explant response. All previous protocols were 
designed assuming that pieces of curd were 'common' tissues from which de novo 
organogenesis was expected but such ex plants, even of relatively small size, are carrying 
large numbers of meristems many of which appear able to produce shoots. The growth of 
these explants requires an exponentially increasing nutrient supply, usually not fulfilled in 
earlier protocols. Furthermore when such explants exhibit shoot development they produce 
numerous shoots requiring time consuming manipulation in shoot separation. 
The aim of the work reported in this section is to develop a simple and efficient 
multiplication system exploiting the whole micropropagation potential of curd. In theory this 
should be achieved by reducing explant size and culturing in non-limiting conditions by 
application of cell culture techniques rather than tissue culture techniques and with careful 
management of the nutrient supply. The aim is to develop a cost effective system without a 
subculturing step by promoting direct development of pre-existing meristems, with the final 
goal of the production of one propagule per explant. 
2.2.2.1 Material and methods 
Plant material 
Fifteen varieties of cauliflower were used : eleven winter heading types, Jakez (Fl 
hybrid) and Fanch (Fl hybrid) (Organisation Bretonne de Selection), Briac (O.P.) (Clause 
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Ltd.), Arcade (Fl hybrid) (Royal Sluis Ltd.), BSGI.l/2 (O.P.), BSG2C (O.P.), BSGS 
(O.P.), BSGS.l/2 (O.P.), BSG6 (O.P.) (Broccoli Seed Grower), Codebric April (O.P.) 
and Codebric May (O.P.) (Codebric Seed Growers); two autumn heading types, Arbon (Fl 
hybrid) and Dova (Fl hybrid) (Royal Sluis Ltd.); and two summer heading types Plana (F1 
hybrid) (Royal Sluis Ltd.) and Nautilus (Fl hybrid) (Clause Ltd). The plants were grown 
according to good commercial practice (MAFF 1982) in the field. 
Explant production 
Following surface sterilisation of large pieces of curd (l-5 cm), ex plants were 
produced mechanically. The first step (predisruption) eliminated the mass of non-responsive 
tissue (stem branches) by shaving off the upper meristematic layer ( < I mm) using a scalpel. 
The second step is the disruption of the meristem cluster either by : 
(i) Digestion in an enzymatic solution containing cellulase 1% (Sigma Chemical Company 
Ltd.) and pectolyase 0.1% (Sigma Chemical Company Ltd.) in WS solution (Menczel et 
al. 1981) supplemented with 0.7 M mannitol. 
(ii) Partial homogenisation using a commercial blender (Waring Model800) at approximately 
17000 rev.min·I. 
Explants were then ranked into size-classes using precision sieves (2000, 1000, 600, 
300, 212, 106, 53 J..Lm) (Endecotts Ltd., UK). Blending and sieving were made either in 
sterile water or an osmotic protecting solution (WS) to limit cell stress. 
Parameters of both disruption techniques were investigated especially treatment 
duration. The homogenizing technique however was rapidly found to be superior and was 
then adopted for most of the subsequent work. Explant and debris production in relation to 
blending duration (0-150 seconds) was studied. 
(i) For the first experiment seven durations of homogenisation were tested (0, 5, 10, 15, 
20, 25, 30 seconds). For each treatment, 6g of predisrupted material (genotype Plana) 
was blended and sieved. For each of the size-classes (0.1-0.2 mm, 0.2-0.3 mm, 
0.3-0.6 mm, 0.6-1.0 mm, 1.0-2.0 mm) the number of explants and debris were estimated 
under a zoom stereo binocular microscope (Nikon SMZ-2T) using petri dishes (9 cm in 
diameter) sectionalised into eight sectors to facilitate counting (for the smaller size-classes 
the number of explants produced was very high, only 2-3 sectors were counted and 
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the total number estimated). Any explant not carrying meristematic dome was rated as 
debris. 
(ii) For the second experiment longer blending durations were tested (up to 150 seconds) and 
explant production was only assessed for two size-classes (0.2-0.3 mm, 0.3-0.6 mm) 
and for an entire curd (genotype BSG 1.1/2). Explant production was recorded by weight 
and converted to volume of explant using precise volumetric measure (240 J.LI) to 
determine average volume weight ratio for each of the size-classes. For each increased 
duration the explants were repetitively blended to assess the true impact of the treatment 
on explant damage. For each duration six containers (20 rn1 culture medium) were set in 
culture with a constant volume of explant ( 185±2 J.LI). The recorded number of developing 
ex plants for each treatment enabled the determination of the total potential of the curd in 
term of micro-shoot production. 
The mean number of meristematic domes carried per explant for all size-classes was 
determined by analyzing 50-100 explants under a zoom stereo binocular microscope 
Culture system 
The culture room environmental conditions were set up as previously described (see 
2.2.1 ). The culture media was derived from Murashige and Skoog (1962), according to 
Anderson and Carstens (1977), and supplemented with Kinetin (2mg.l-1) and mA (lndoi-3-
Butyric acid) (lmg.l-1). To control bacterial contamination three antibiotics (carbenicillin 
disodium, cefotaxime sodium and vancomycin HCI) (Duchefa biochemie b.v., NL) were 
tested alone or in combination at concentration: 100 mg.l-1, 250 mg.J-1, 500 mg.l-1. Six 
containers were cultured with 185 J.LI of 0.1-0.3 mm ex plants from contaminated curd 
(genotype Jakez). The number of developing ex plants was compared between treatments as 
well as the level of contamination. 
Explant culture density was adjusted using volumetric measures (240, 180, 70, 30 J.LI) on 
an agitated (ISO rev. min-I) liquid culture system with six densities tested: 0.25:100 (vol:vol 
:: explant:culture medium), 0.5:100, 1:100, 1.5:100, 2: lOO and 2.5:100. Six containers 
were cultured for each density and three size-classes used: 0.2-0.3 mm, 0.3-0.6 mm, 0.6-
1.0 mm (genotype BSG2C).The speed of explant development was derived as fresh weight 
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measured after 10 days in culture. 
Two other culture systems were tested: 
(i) Semi-solid medium (agar 0.7% ). 
(ii) Liquid medium with a membrane raft (Magenta vessels, Sigma Chemical Company 
Ltd.). 
In the first test semi-solid and agitated liquid medium were compared for a constant 
non limiting volume of explants in culture of 1: 100 for the large explant size-class 1.0-2.0 
mm. Eighteen containers of 20 rnl culture medium were used for each culture system. The 
fresh weight of the growing explants was measured for three containers every 3-4 days for 
both systems. 
For the second test the three culture systems were compared for five explant size-classes 
(0.05-0.1mm, 0.1-0.3 mm, 0.3-0.6 mm, 0.6-1.0 mm and 1.0-2.0 mm) in terms of 
percentage of explant developing (producing at least one micro-shoot) in culture after one 
month of culture. The initial number of explants for all size-classes for a constant volume 
was determined using a zoom stereo binocular microscope as previously described and 
enabled the calculation of the frequency of explant development for each condition (three to 
six repetitions were carried out). 
Shoot regeneration 
To determine the origin of the shoot on the explant, micro-explants (0.1-0.2 mm) were 
cultured individually in liquid medium in multiwell™ plates (24 well type Falcon® 3047, 
Becton Dickinson labware & Co, USA) and their development was recorded under the 
microscope every 2-3 days for two weeks. A total of 96 micro-shoots of genotype Plana 
were studied. 
The influence of the explant size-class on the number of explants developing in culture 
for a constant volume of explant in culture (I: 1 00) was assessed for four genotypes (Jakez, 
Fanch, Briac, Arcade) and five size-classes (0.1-0.2 mm to 1.0-2.0 mm). For each condition 
and explant (blending treatment lO seconds) six replications were carried out. The number of 
developing explants was determined and frequencies calculated. Furthermore, the mean 
number of shoots produced per developing explant in vitro was determined for seven 
genotypes (Jakez, Fanch, Briac, Arcade, Arbon, Dova, Nautilus) and the usual five explant 
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size-classes (0.1-0.2 mm to 1.0-2.0 mm). Two to three replications of fifty developing 
ex plants at ten days old transferred on semi-solid medium for one month were studied. The 
number of micro-shoots produced per genotype and per curd was estimated. 
Root induction 
Different phytohormone balances were tested with the same basal medium previously 
reported for shoot induction: combinations of Kinetin (0,0.5,1,2 mg.l-1) and iliA ( 1,2,3 
mg.l-1) were tested. Liquid and semi-solid (agar 0.7%) culture media were tested on micro-
shoots (genotype Jakez and Fanch) at 14 and 24 days old. The frequency of rooted shoots 
were determined as well as the number of roots produced per shoot for each treatment of 50 
micro-shoots, three to five replications were recorded. 
Weaning and field culture 
Fully developed plantlets were transferred into the glasshouse either in multipurpose 
compost (Mole Valley Ltd. UK) in expanded polystyrene multi-cell trays (25 wells) or in 
expandable peat pellets (type 7, Jiffy® products Ltd., UK). They were then maintained for 
10 days under high temperature and humidity in a propagator then placed on a mist bench 
with base heating (23°C) for 10 days, before being transferred to a normal glasshouse 
environment. Plantlets were fed every week with a nutritent solution (N/P/K, 10:10:27, 
Phostrogen Ltd. UK) and treated against pests when required. Plants were stored (if 
necessary) at 4°C until field planting time. Plants raised from seed of the same genotypes 
were also transplanted to the field plot when possible as controls. Plant quality and defects 
were recorded all through the production process. Plants were grown according to good 
commercial practice (MAFF 1982). Curd quality as the ultimate goal was observed for 
genotype Jakez in the Season 1994-1995, BSGS, BSGS.l/2, BSG6, Codebric April and 
Codebric May for the Season 1994-1995. 
Commercial considerations 
The cost for production of 10 000 cauliflower propagules were estimated and laid out 
as proposed by Anderson and Meagher (I 977) on the basis of the optirnized protocol 
reported. 
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2.2.2.2 Results 
Explant production 
The curd meristem clusters were efficiently disrupted by the homogenising treatment. 
Enzymatic disruption does not improve the protocol efficiency due to the heterogenicity of 
the initial predisrupted material, and is expensive (tissue digestion is described later (see 
2.4). The duration of the blending treatment controls the explant size and the amount of 
debris produced (Fig. 20 and Fig. 2la). The typical curve of explant production is shown in 
Fig. 2la, with optimal explant production corresponding to an increasing optimal duration of 
homogenising treatment for decreasing explant size : I 0 s for 0.6-1.0 mm, 30 s for 0.3-0.6 
rrun and 30-60 s for 0.1-0.3 rrun. The number of explants produced from one curd is very 
large : after 60s of treatment 80% (w/w) of the explants were smaller than 0.3 mm and the 
number of ex plants for the two size-classes 0.1-0.2 mm and 0.2-0.3 mm in diameter were 
179.103 ± 34.103 and 245.103 ± 73.103 explants (±se) respectively, with repetitive 
blending of the upper fraction. Increased duration of treatment also increases explant damage 
and production of debris. Consequently the number of developing ex plants in culture for a 
constant volume of cultured explant decreases with blending duration (Fig. 2lb). The 
optimal duration of blending treatment will give the largest number of ex plants without 
damaging their reactivity. For the smallest size-classes investigated 30 s of treatment gave the 
best results (Fig. 2lc). The use of precision sieves allows the recovery of 'micro-explants' 
of homogenous size carrying a known number of meristems. The number of meristems 
carried per explant is statistically significantly (P<O.Ol) different between each size-class 
with the exception of the two smaller size-classes : 0.2-0.3 rrun and 0.1-0.2 mm (Plate 6). 
They varied from 87.2 ± 0.5 meristems per explant(± se) for the size-class 1.0-2.0 mm to 
1.4 ± 0.1 meristems per explant (± se) for the size-class 0.1-0.2 mm. The use of an osmotic 
protecting solution during homogenising treatment maximised the number of developing 
explants recovered in comparison with sterile distilled water. This system of production is 
highly effective and rapid by comparison with the conventional system of manual explant 
production. It yields uniform ex plants of sizes impossible to produce manually ( < 0.6 rrun in 
diameter). 
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Figure 20 : The effect of the duration of the homogenising treatment on the size and number of 
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Plate 6 : Explants of different size-classes ((a)-( e)) produced without homogenising treatment, 
and (t) with homogenising treatment (Bar = 0.2mm) 
(a) 1.0-2.0 mm (b) 0.6-1.0 mm 
(c) 0.3-0.6 mm (d) 0.3-0.2 mm 
(e) 0.1-0.2 mm (f) 0.6-l.O mm 
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Culture system 
Experimentation was conducted under strict asepsis because the system of explant 
production favoured systemic microorganism contamination. It was of the utmost importance 
to discard any initial material with signs of infection. In general curds were collected when 
still protected by the wrapping leaves and thus relatively unexposed to open air and 
waterspread contaminants. The best material was grown in a polytunnel with trickle 
irrigation. Curd pieces were surface sterilised following the standard technique previously 
described (see 2.2.1 ). Of the three antibiotics tested the optimal solution combined 
Cefotaxime (100 mg.l-1) with Vancomycin (100 mg.l-1); these antibiotics were not found to 
have any phytohormone-like interaction with explant development. These antibiotic cocktails 
reduced the risk contamination but did not eliminate it altogether as yeast remained a serious 
problem. 
Semi-solid medium, agitated liquid or liquid medium with a membrane raft all 
produced shoots from micro-explants. However the agitated liquid medium was nearly twice 
as efficient in terms of growth than the semi-solid medium (Fig. 22). The liquid medium was 
superior to the two other systems in terms of frequency of developing explant, for all size-
classes investigated (Fig. 23). The use of rafts at culture initiation appeared to be as efficient 
as the agitated liquid system but rapidly growing explants directly in contact with the 
membrane lifted neighbouring explants and cut their nutrient supply. This phenomenon 
reduced the system efficiency and explains its poor rating in comparison with the other 
systems (Fig. 23). In the liquid system explants grew quickly and did not exhibit 
hyperhydricity when the culture density was properly adjusted : a ratio 1: lOO (vol:vol) 
explant: medium gave optimal results. At lower density the shoots produced were often 
hyperhydric, at higher density the nutrient supply quickly became a limiting factor and 
growth rate reduced rapidly. Explants were maintained for I 0-14 days in liquid culture 
before transfer to semi-solid rooting medium (Plate 7). Increasing the duration of culture in 
liquid medium resulted in greater hyperhydricity. When explants were cultured at a 
significantly higher culture density they could stay in liquid medium much longer with 
hyperhydric leaf primordia and still develop normal plants after transfer to semi-solid 
medium. 
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Plate 7 : Explants of size-class 0.2-0.3 mm cultured for 10 days in liquid medium 
(Bar=5mm) 
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Shoot regeneration 
Observation of explants (0.1-0.2 mm) under zoom binocular microscope over time 
revealed that shoots arose from existing meristems or from meristems deriving from them. 
No shoot regeneration occured when using explants were smaller than 0.1 mm (size smaller 
than the smallest fully developed meristematic dome carried by a curd). No callus at all was 
produced and the occurrence of shoots from neoformed meristems was very low as explants 
carry a very small amount of stem (pedicel) tissue; but it should be noted that the proportion 
of shoots from this origin was very difficult to assess. The culture of explants without a 
meristem (i.e. stem debris) did not regenerate any shoots whatever the size-class used. Bract 
pieces did develop in culture but were easily identified and discarded. The percentage of 
ex plants developing in culture (Table 21) and the number of shoots produced per explant 
(Table 22) were highly dependent (p<O,Ol) on the explant size-class and therefore on the 
number of pre-existing meristems carried. For a constant volume of explant in culture, in 
non-limiting conditions, the percentage of explants developing were maximal for explants 
larger than 0.6 mm in diameter, and decreased in proportion to the reduction in size-class. 
The number of shoots produced per explant (Table 22) was highest for the highest size-class 
and decreased with the smaller size-class. Ex plants of the smaller size-classes gave bigger 
shoots than bigger explants probably due to a better nutrient supply. The two smaller size-
classes allowed recovery of one to three shoots per explant, for a high number of ex plants to 
be cultured, overcoming the low percentage of explants developing. The genotypic effect for 
the number of shoots produced per explant was significant (P<O.Ol) at all explant sizes 
used. Jakez showed the lowest number per explant and Arbon the highest. It is interesting to 
note that for the two smallest size-classes five genotypes out of seven have a (non 
statistically) different mean number of regenerated shoot per explant. Shoot regeneration 
from the micro-explants was achieved from the three types of cauliflower cultivar, summer, 
autumn, and winter heading (Table 22). For the explants of size-class (0.1-0.2) mm and 
(0.2-0.3) mm over 10 000 micro-shoots were routinely produced from each curd for the 
winter heading types, with less from the summer and autumn heading type (<lOOO).It is 
important to recall that these figures are for the two smaller size-classes and that a large 
volume of ex plants of larger size-classes is also available. 
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Table 21 : Effect of the e~plant size-class on the number of explru1ls developing ifl •'ilro 
Explru1l siz.e Average nu m bllr of Jak~z Fanch Briac Arcade 
class (mm) explruns in culture• No.•• % No. % No. % No. 
1.0- 2.0 142± 4 131 ±7 92 141 ± 14 99 138 ± 3 97 154 ± 13 
0.6- 1.0 479 ± 15 430±9 88 543 ± 35 113 505 ± 10 105 527 ± 10 
0.3-0.6 2497±184 1945 ± 257 78 1491 ± 92 60 1280 ± 99 51 1239 ±40 
0.2-0.3 4373 ± 274 1322 ± 170 30 2438± 118 56 2323± 122 53 1618±79 
0.1-0.2 3544 ±229 333 ±54 9 758 :t 78 21 891 ±72 25 539 ±53 
The effect of U1e explant size-class on U1e numbo!r of explru1ts developing in vitro for a constant non-limiting volume of ex plants 
in cu lture (0. 185 ml (blending treatment lOs) for 20 ml cullure medium) after lO days in culture, shown as mean number 
of explants developing inculture as a percentage of the m~ru1 number of expl<ms in culture (the percentage can be over 100% as 
explants for U!C two larger slz.e-classes were sometimes cleaved by the shaking t.reatment during growth) 
• Number of explants, values given :t standard error (tl=ll) 
•• Values given± standard error (n=6) 
Table 22 : Effect of the explant size-class on the nu mt.er of shoots recovered per explant 
E.~plant siu. Mean number of shoots produced per explant• for each genolype 
class (mm) Jake2. Fan eh Oriac Arcade Arbon Dova 
1.0-2.0 18.12 ± 1.07 25.82 ± 1.53 30.8 ±2.67 30.06 ± 1.91 38.29 ±2.36 16.24 ± 1.76 
0.6 . 1.0 6.23 ± 0.28 10.37 ± 1.56 18.35 ± 1.25 11.84 ±0.68 14.74 ± 1.19 8.38 ±0.88 
0.3-0.6 4.03 ±0.2 4.33±0.23 6.98 ±0.51 5.94 ±0.32 7.73±0.41 5.11 ±0.36 
0.2. 0.3 1.66 ±0.07 2.02 ±0.11 1.71 ±0.09 2.96 ±0.16 2.63 ±0.27 2.19±0.17 
0. 1-0.2 1.20 ±0.04 1.74 ± 0.08 1.43±0.09 1.76 ±0.13 1.84±0.1t 1.81 ±0.11 
The effect or the explant size-class on U1c number of shoots recovered per explant for seven genotypes after 10 days of culture in 
liquid medium and 30 on semi-solid medium 
• Values shown± standard error (n= 100) 
•• No d:lla available 
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The growing material shows a high level of variability with frequent abnormal shoots 
(meristem abortion with/without production of a trumpet-shaped leaf), probably regenerated 
from meristems damaged during the procedure of explant production. On average 11% of the 
growing explant showed abnormal development but these are easily discarded during growth 
and did not pose serious problems to the high number of explants available. 
Propagule production 
When the phytohormone balance was not modified during culture, the percentage of 
rooted micro-shoots after 3 weeks in culture (liquid) was about 1-3%. Transfer to liquid 
culture media with a balance in favour of auxin appeared crucial to the induction of roots 
(Fig. 24). For young (14 days) micro-shoots the rooting frequency was very low for all 
culture media containing kinetin. When only auxin (IBA) was present in culture medium, 
rooting was very effective with virtually 100% rooted micro-shoots on IBA 2 mg.l-1. The 
age (size) of the micro-shoots influenced the rooting capacity with an improved rooting 
frequency even on S23 medium for older (24 days) micro-shoots (Fig. 25). A transfer to 
culture medium with no phytohormone did not give a better result than medium containing 
kinetin, even with an initial treatment of one day on medium rich in IBA (3 mg.l-1). The root 
primordia appeared directly at the base of the shoots without any callus production. Rooting 
on liquid medium is highly efficient but up to 40% of the rooted micro-shoots recovered 
were hyperhydric and difficult to wean. It was therefore preferable to transfer the micro-
shoots to a semi-solid rooting medium to avoid this phenomenon. In these conditions it is 
necessary to use a higher concentration of auxin (3 mg.l·l IBA) to reach the same frequency 
of rooting . The base of the explant in contact with culture medium first increased in size and 
then later initiated root meristems. The average number of roots produced depended on the 
auxin concentration of the medium, from 2.8 ::1: 0.5 roots per explant with I mg.l-1 IBA to 
6.5 ::1: 0.5 roots per explant with 3 mg.l-1 IBA. For this last concentration, roots were slender 
and did not elongate properly (Plate 8). Therefore it was better to use 1-2 mg.l-1 IBA and 
increase the duration of culture to reach an optimal rooting rate. Fully rooted 'propagules' 
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Figure 24 : Influence of the medium phytohormone balance on the percentage 
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Plate 8 : Propagules rooted on medium containing no phytohormone 
(3 columns to the left) and 3 mg.l-1 ffiA (3 columns to the right) (genotype 
Nautilus) (Bar= lcm) 
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were ready for weaning after 5-7 weeks on rooting medium at l9°C and only 2-3 weeks at 
23°C. 
Weaning and phenotypic conformity 
The protocol produced good quality shoots with strong roots and therefore plants 
were weaned using standard techniques. Nevertheless the process must be carefully 
conducted because cauliflower propagules are very sensitive at this stage to water stress. 
Over 80 % survival was commonly achieved using a propagator due to the rooting step on 
semi-solid medium, which also hardens propagules. Nevertheless, some problems arose at 
this stage of the protocol. Firstly, post in vitro culture defects (early curd production and 
defects in apical dominance) were observed (Plate 9d,f), the similarity of the defective 
phenotypes suggested an epigenic phenomenon. These defects affected 4% of the 
regenerated plants from Jakez but no case were observed on BSG5, BSG5.1/2, BSG6, 
Codebric April and Codebric May. The summer type tested was more affected (0 to 38 % of 
the regenerated plants produced from curd in vitro). Nevertheless the mass of plantlets 
produced allowed efficient screening for conformity before transfered to the field. 
The second problem is the heterogeneity of shoot size produced from in vitro culture. 
In the glasshouse the problem was partly overcome by feeding the plantlets during weaning 
with a commercial nutrient solution (4 g/1 Phostrogen® (N/P/K, 10: 10:27), Phostrogen 
Ltd.). Weaned plantlets were obtained within 40-50 days following culture initiation. 
Glasshouse protection for a further 2-3 weeks allowed bigger plants to be transferred to the 
field and avoided losses at this stage. 
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Plate 9 : Plant development and phenotypic conformity 
(a) Growing micro-shoots on rooting medium 
(b) Weaned plants ready for transfer to field 
(c) Well established plant in field 
(d) Defect of stem dominance. Development of branches in leaf axils (arrow) 
(e) Production of curds of good quality 
(t) Early production of unmarketable curd 
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Commercial consideration 
The cost of cauliflower propagules produced using the new protocol described above 
was assessed. The case study is based on the production of 10 000 propagules from one 
cauliflower curd by an integrated laboratory producing plants ready for transfer to the field. 
The protocol was divided into three steps : 
(i) Explant production and initial culture in liquid medium of all the explants of the 0.1-0.3 
mm size-class produced after 30 seconds of homogenising treatment. At least 30 
containers of 20 ml culture medium for 0.2 ml of ex plants were initiated. Numerous 
micro-shoots were produced at l9°C in 10-14 days. 
(ii) The best 13 000 micro-shoots were transfer in semi-solid rooting medium at a density of 
lOO explants per Vitro vent container (130 units) of 125 ml rooting medium at 23°C. In 
three weeks rooted plantlets were ready for weaning. 
(iii) The best ll 000 plantlets were weaned in a propagator and grown in glasshouse for 3-5 
weeks prior transfer to field. At this level at least 10 000 good plants could be 
distributed. 
The following estimation was based on propagule production by an established plant 
breeding company, therefore building costs and fees for use of basic laboratory equipment 
such as laminar flow cabinets, balances, pHmeters were assumed to be offset by the seed 
production activity. Cost of facilities, chemicals, and equipment were calculated on basis of 
lowest price available on the market. Wages for laboratory and glasshouse technical work 
was fixed to£ 3.50/hr. Costs were laid out and are presented in Table 23. The detail of the 
unit cost and its general structure are displayed in Table 24. 
A unit cost between 5.10p-5.62p without supervision and administration costs was 
obtained. The tissue culture cost accounts for only about 35% of the total cost against 65% 
for the glasshouse cost. The total labour cost accounts for 60-66% of the total cost, followed 
by glasshouse bench charge (14-25%), culture vessel and equipment cost (6-7%). Culture 
media accounts for only approx. 4% of the final cost, despite expensive antibiotics. 
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Table 23 : Estimated costs for producing 10 000 tissue cultured cauliflower 
propagules 
I. Wage and salary cost. 
I. Explanting labour (400 micro-shoots/hrs=32.5 hrs@ £ 3.5) £ 113.75 
2. Media preparation and Cleanup labour (9 hrs@ £ 3.5) £ 31.50 
Total wage and salary cost £ 145.25 
Il. Media cost (using premixed salts). 
I. Explant production : surface sterilisation (ethanol 70% 
I litre x @ £ 4.06, Bleach solution I litre x @ £0.06) 
2. Micro-shoot production medium (30 containers x 20 ml 
= 0.6litre@ £ 4.44) 
3. Rooting media (13000 micro-shoots x I container/ 100 
micro-shoots= 130 containers x 125 ml/containers = 
16.25 1 @ £ 0.878) 
Total media cost 
Ill Culture vessel and equipment cost. 
l. Disposable plastic container (lnsulpak Ltd. 
35 containers@ 3.165p unit, 35lid 
@ 1.328p unit) 
2. Disposable polypropylene Vitro-vent container 
(Duchefa Biochemie b.v.130 containers and lids 
@ 18p unit usable twice) 
3. Blender and glass container (Waring Ltd. Model800 
@ £ 251), sieves (400, 300, l06tJ.m Endecotts Ltd. 
@ £ 26.97x3 sieves. Amortized over twenty cycles 
@ 9% interest) 
4. Small disposable equipment (syringe@£ 0.14 x 2, 
filter unit@£ 0.95 x 2, plastic pot@ £ 0.11 x 2, 
needles@£ 0.07 x 2) 
Total culture vessel cost 
IV. Costs of culture in growth chamber. 
1. Electricity, servicing and depreciation. (130 containers 
on two layer= 0.89 m2 x@ £ 3.17/m2 per weeks 
x 3 weeks) 
Total bench charge 
Total tissue culture cost 
V. Glasshouse and propagator cost. 
1. Wages for transplanting and singulasing plantlets 
(11000 plantlets transplanted 200/hr =55 hrs @ £ 3.5) 
2. Flats. (11000 cells x lflat/40 cells= 275 flats @ £0.27 
= £74.25 amortized over twenty cycle@ 9% interest) 
3. Soil mix required. (0.48 m3 @ £ 53.1/m3) 
4. Nutritive solution. (275 flats x 0.09 m2 = 22.5 m2 
@ 2.4p per m2 per weeks x 3-5 weeks 
5. Bench charge.(275 flats x 0.09 m2 = 22.5 m2@ 
£ 1.14 per m2 per weeks x 3-5 weeks 
Total glasshouse cost 
Total costs 
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£4.12 
£2.66 
£ 14.27 
£ 1.57 
£ 11.70 
£ 18.09 
£ 192.5 
£4.05 
£ 25.50 
£ 21.05 
£ 33.88 
£ 8.46 
£208.64 
£ 1.62-2.70 
£ 76.95-128.30 
£ 300.62-353.05 
£ 509.26-561.69 
Table 24 : Unit costs for production of cauliflower propagules based on 
production of 10000 units, and costs general structure 
I. Tissue culture production 
Wage and salary cost 
Media cost 
Culture vessel and equipment cost 
Growth chamber bench charge 
Total Tissue culture cost 
II. Glasshouse production 
Wage and salary cost 
Flats, soil mix and 
nutritive solution cost 
Glasshouse bench charge 
Total glasshouse cost 
Total cost 
2.2.2.3 Discussion 
l.45p 
0.2lp 
0.34p 
0.09p 
2.09p 
l.93p 
0.3lp-0.32p 
0.77p-l.28p 
3.01-3.53p 
5.l0p-5.62p 
25 .8-28 .4 % total cost 
3.7-4.1 % 
6.0-6.6% 
1.6-1.8 % 
37.2-41.0% 
34.3-37.8 % 
5.5-6.3% 
13.7-25.1 % 
53.6-69,2% 
100% 
The use of homogenisation had been foreseen as potentially interesting for reducing 
costs of explant production and meristem separation in plant micropropagation (Aitken-
Christie 1991). Previous reports described the use of blenders for production of large 
number of initial explants from sterile fern prothalli, shoots or runners (Knauss 1976; Cooke 
1979; Caponetti and Byme 1984; Janssens and Sepelie 1989). Blenders were also reported 
to be used for separating meristemoid aggregates of several species (eg. Philodendron, 
Nephrolepis) produced from culture in bioreactors (Levin et al. 1988; Ziv l99lb). No 
similar procedure however has been reported for cauliflower. The curd and its numerous 
meristems appeared particularly suitable for mechanical explant production by homogenising 
treatment. Indeed the protocol described is highly efficient and enables disruption of curd 
meristem clusters and explant production on an unprecedented scale for cauliflower. The 
sieving step enables the recovery of homogeneous explants of very small size which are 
impossible to produce manually. Ex plants carrying very few pre-existing meristems were 
produced, 'en masse' and cultured in liquid medium. 
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Explants were cultured at a precise density using volumetric measures built for this 
purpose. For the smaller size-classes thousands of explants were cultured in each culture 
vessel making contamination a real problem. Nevertheless the impact of culture 
contamination was controlled by strict application of proactive rules, such as culture of the 
mother plants in polytunnels with no contact of leaves and curd with water, and postactive 
rules, such as strict aseptic experimentation, use of antibiotics and in future of antimycotics 
combinations in the culture medium, and the culture of the ex plants in several vessels. 
Micro-explants of all size-classes were cultured on a simple culture medium derived from 
Murashige and Skoog (1962). There was no need for culture media enriched in organic 
components in contrast to the observation ofDavid and Margara (1979). The use of an 
agitated liquid culture medium appeared to allow an optimal shoot regeneration frequency 
and growth rate in accordance with previous reports (Walkey and Woolfitt 1970; Grout and 
Crisp 1977; Grout 1988), and is now a general observation reported for micropropagation of 
many species (Debergh 1994). Culture conditions must be strictly controlled to avoid 
hyperhydricity. The use of a membrane raft was reported to be as efficient as liquid culture 
medium and to limit hyperhydricity (Watad et al. 1995), however this culture system 
appeared poorly adapted to the mass production of cauliflower. Hyperhydricity was 
effectively controlled by optimisation of the explant culture density to limit leaf primordia 
development. Indeed Ziv ( 1991 a) reported that leaves are the first organs affected by 
hyperhydricity in in vitro conditions. She also demonstrated that limiting leaf development 
by use of growth retardants reduced the impact of hyperhydricity (Ziv 1991 b); the protocol 
reported here uses explant density to the same effect, nevertheless the duration of culture in 
liquid medium is limited to 1-2 weeks to avoid hyperhydricity before transfer to a semi-solid 
culture medium. Micro-shoots could be rooted at a high frequency provided that no kinetin 
remained in the culture medium, and their size (age) was big enough. It was clear that the 
sooner micro-shoots were rooted the stronger and more vigourous the propagules were. It is 
thus a key objective to obtain earliest rooting and evidence suggests that developing ex plants 
can regenerate roots at the initial culture stage. Further experiments on this phenomenon are 
reported later. Regenerated plantlets seemed to exhibit a low frequency of phenotypic 
abnormality (early curd production and defect of stem dominancy). The frrst was reported by 
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Crisp and Walkey (1974) as occurring at very low frequency, the origin of this defect is 
difficult to explain. However for summer types, what was initially thought to be a defect 
seems simply to be due to their short cycle phase and to appear when plantlets were kept in 
culture vessels for too long as reported by Shah et al. (1993). Nevertheless, this cannot 
explain the phenomenon on winter type which owe a long cycle, but in that case there could 
have been transfer of part of the vemalization. Deng et al. (1991) reported that the 
vemalization requirement of plantlets regenerated from seedling explants and from buds of 
B. campestris L. was different, shoots regenerated from cultured flower buds did not need 
vernalization treatment to bolt. Furthermore both curd and flower can be produced in vitro 
from neoformed meristems by manipulation of the phytohormone of the culture medium 
used for culture of curd stem explants (Margara 1982). In this study the phytohormone 
balance of the medium used could be the causative factor and shoots exhibiting the defect 
may reveal shoots regenerated from meristems produced de novo. The dominance defect was 
usually observed on the same plants affected by early curd production suggesting an effect of 
the phytohormone combination of the initial culture medium. The balance used was in favour 
of cytokinin, it may be more judicious to use a balance in favour of auxin as several previous 
authors reported. However the defect were only observed on one genotype (Jakez) out of six 
genotype tested and could have been induced by field transplant of plants which had been 
stored in condition not optimized as it was reported to increase occurence of physiological 
defects (Booij 1990b). 
The variability of vigour observed between plantlets could be attributed to the various 
times of explant rooting but it could also be caused by regeneration of shoots from pre-
existing meristems at different stages of development at the time of culture initiation. This 
last hypothesis is difficult to assess, nevertheless a better study of the culture conditions, 
especially the phytohormone influence and a deeper analysis of the physiology of the curd at 
the time of harvest should improve the understanding of this phenomenon and enable the 
production of more homogeneous shoots. In any case the protocol presented has enabled the 
regeneration of thousands of shoots from one curd allowing initial screening for conformity 
and vigour. 
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The protocol described is considerably more efficient than protocols previously 
reported (Crisp and Walkey 1974; Grout and Crisp 1977; Kumar et al. 1993). It is especially 
interesting because cauliflower is one of the most micropropagated vegetables in European 
countries (Pierik 1991). The unit price of a plantlet produced following the new protocol is 
around 5.5p without supervision cost. This low cost is achieved due to the rapidly of the 
protocol and to the absence of a subculturing step. However the labour costs remain as high 
as reported for other system: 55-65% of the total cost (Anderson and Meagher 1977; 
Standaert-De Metsenaere 1991 ). The transfer of the micro-shoots (one by one) to rooting 
medium is one of the expensive parts of the protocol. After preliminary study (data not 
reported) it seems that micro-shoots of good quality can be dispatched at high speed (several 
thousand per hour) into culture containers when mixed in a cheap viscous medium. This 
procedure would enable a drastic reduction of the transplanting labour cost by 90% and 
leading to a reduction of the plant price by 20% at about 4.0p-4.5p per plant. By comparison 
the market price of a seed ofF 1 hybrid cauliflower, is between 0.8p-1.9p but most of the 
growers in the United Kingdom now buy module grown plantlets instead of seed and the 
average unit price is around 4p-5p. The low prices of Fl seed have limited the opportunities 
for mass micropropagation in vegetables (Seckinger 1991). However in the case of 
cauliflower the protocol reported seems to be competitive and further automation seems 
likely to make it even more interesting. 
Unfortunately at the moment the quality of the plants produced using 
micropropagation by the new protocol is lower than seed raised plants. Plant vigour is 
variable but it is not clear if this will significantly affect yield. The phenotypic confonnity 
must also be more extensively studied. A low cost system of storage is needed, this will be 
addressed in the following section. 
In its present state the protocol is well adapted for production of clones of 50 to 
I 0 000 plants. For a lower number of plants the traditional protocols remain optimal. The 
production of the millions of plants required for commercial production still requires further 
refinement due to the low plant homogeneity and would need higher automation. It is 
however an achievable goal which would have important consequences for cauliflower plant 
breeding. It would enable mass clonal multiplication of any genotype of interest with no need 
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2.2.3 Preliminary study of the use of encapsulated micro-shoots 
as an 'artificial seed' system of cauliflower propagation 
The concept of artificial seed was initially suggested by Toshio Murashige in 1978 
(for review see Redenbaugh 1993). Senaratna (1992) defined artificial seed(= synthetic 
seed) as a somatic embryo (SE) either in hydrated or dessicated form with or without 
encapsulation. For clonal propagation SE's have the advantage compared to conventional 
tissue culture of being potentially produced 'en masse' at low cost and of developing bipolar 
structures able to regenerate single plants (Janick et al. 1993; Onishi et al. 1994 ). 
Redenbaugh ( 1993) reported, that for one of the most advanced system using SE's (alfalfa) 
production of SE's of good quality is difficult, and involves protocols which tend to mimic 
zygotic embryogeny. In the case of Brassica species production of dry artificial seeds have 
been reported using microspore-derived embryos of rapeseed (Brown et al. 1990), broccoli 
(Takahata et al. l993b) and chine se cabbage (W akui et al. 1994 ). However these embryos 
are usually haploid having being derived from microspores produced after meiosis thus they 
were not clones and did not reproduce the parental phenotype. Encapsulated SE's of 
cauliflower were reported by Redenbaugh et al. ( 1986) but these authors highlighted the 
difficulty encountered in producing SE's 'en masse'. Other protocols reported by Pareek and 
Chandra (1978) and Fransz et al. (1993) did not succeed in overcoming this problem. 
Other systems often considered as untrue artificial seed use embryo-like structures 
instead of somatic embryos. For many species where SE's cannot be produced efficiently, 
encapsulated shoot tips, axillary buds and adventitious shoots obtained by micropropagation 
have been reported as promising alternatives (Bapat et al. } 987; Mathur et al. 1989; 
Kinoshita and Saito 1990; Ganapathi et al. 1992; Sanada et al. 1993; Sharma et al. 1994). 
These explants are not initially rooted but frequently appeared able to develop roots at least in 
vitro. More recently Repunte et al. (1995) reported successful conversion of encapsulated 
cell aggregates from horseradish hairy roots. 
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In the case of cauliflower it was demonstrated (see 2.2.2) that it is possible to 
produce micro-shoots 'en masse' from fractionated and graded curd. The aim of the work 
reported in this section is to assess the possibility of producing embryo-like structures from 
micro-explants of cauliflower curd and of using these structures in an artificial seed system 
of propagation. 
2.2.3.1 Material and methods 
Five varieties of cauliflower were used: one autumn heading type Belot (Fl hybrid) 
(Bejo Zaden b.v.), and four winter heading types, Fanch (Fl hybrid) and Jakez (F1 hybrid) 
(Organisation Bretonne de Selection), Briac (O.P.) and Yann (O.P.) (Clause UK Ltd.). 
Explant production 
Explant production used the protocol previously described (see 2.2.2). 
Culture conditions 
Two culture systems were used: agitated liquid medium (see 2.2.2) and liquid culture 
system with sequential immersion (immersion for 15 rnin every 4 hours) using a modified 
reusable filter unit (Ref. 300-4050, Nalgene® company, Rochester, NY, USA) according to 
Alvard et al. ( 1993) (Plate 10). 
The Culture medium phytohormone balance was manipulated in an attempt to 
promote early rooting of the developing explants. The first experiment used explants (size-
class 0.2-0.3 mm) from two genotypes, Belot and Yann. Five combinations of 
phytohormones were investigated: Kinetin (0, 1, 2 mg.l-1), ffiA (0, 1 mg.l-1) and NAA (0, 
I mg.l-1 ). For each genotype five replications each of 0.185 ml of explant homogenate were 
used. The number of developing ex plants and frequency of rooted micro-shoots was 
assessed. The second experiment used the genotype Yann. Nine phytohormone 
combinations of Kinetin (0.0 , 0.5 , 1.0 mg.l-1) and NAA (0.05 , 0.5 , 1.0 mg.l-1) were 
investigated. Two size-classes were used, 0.2-0.3 mm and 0.3-0.6 mm, with three 
replications per phytohormone combination. The experiment was repeated three times. 
Ex plants were cultivated for two weeks after which the frequency of rooted explants was 
determined as well as the total fresh weight of growing explants. 
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Plate 10 : System of explant 
culture under sequential 
immersion derived from AJvard 
et al. (1993). (a) Three modified 
Nalgene® filter units presented in 
series. The pressure is supplied 
by a peristaltic pump (5012 
Watson-Marlow Ltd.) and 
released by turning on a solenoid 
valve (Carnozzi A 7M, Farnell 
Elec. Ltd.). Two time controllers 
(Smiths lnd. Co. Ltd.)(not 
visible on picture) switch on/off 
the pump and valve following an 
adjusted program. In (a) the 
culture medium is in the lower 
container and explants in the top 
container are not in culture 
medium. In (b) the medium was 
flushed up by air pressure and 
explants were in contact with the 
culture medium (notice the pipe 
bridging the two containers of 
the filter unit) 
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Micro-shoots selection 
After culture there is always a fraction of non developing explants and hyperhydric 
developing debris (bract) and explants. The possibility of segregating this material from the 
micro-shoots of good quality on a sucrose pad was investigated. Sucrose solutions between 
O.lM and l.OM were assessed 
Encapsulation 
Micro-shoots were encapsulated in sodium alginate hydrogel following a protocol 
derived from Bapat et al. (1987). Different concentrations of alginic acid (Sigma chemical 
company Ltd.) (1, 2, 3, 4, 5%) were assessed for bead formation and plant toxicity. Alginic 
acid solution, when sterilised by autoclaving (lbar, 12l°C for 15mn), shows a marked 
decrease in setting ability as previously reported by Larkin et al. (1988). To limit contact 
with high temperature the sodium alginate solution was sterilised following a tyndallisation 
protocol: 
(i) Heat at 80°C for 15 min. (Kills most micro-organisms, but not spores.) 
(ii) Rest at room temperature for five hours. (Allows spores to germinate.) 
(iii) Heat at 90°C for 15 min. (Kill germinated spores.) 
(iv) Rest over night and heat at 90°C for 15 min. (Insurance). 
Micro-shoots were mixed with a sterile solution of alginic acid and individually 
transferred to a sterile solution of 9 g.l-1 CaCl2, 2H20 with sterile forceps. The drops set 
into beads trapping the micro-shoot, as the sodium alginate polymerised; beads were 
allowed to remain in the CaCh, 2H20 solution for 30 min to complete polymerisation, 
before washing for 30 min in liquid culture medium, followed by a quick washing in sterile 
water. 
Thirteen day old micro-shoots (genotype Jakez) were encapsulated in sodium alginate 
gel (2 to 5%) made with S23 culture medium and then dispatched on a semi-solid medium 
(S23 basal salts, 0.7% Sucrose) containing 2 mg.J-1 ffiA only. Germination rate was 
assessed after two weeks in culture. 
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Storage 
Conservation of encapsulated micro-shoots was investigated with genotypes Jakez 
and Fanch. Six replicates of 20 beads each were stored for six months at 4°C at low light 
intensity in petri dishes containing semi-solid (7 g.!· I Agar in water) substrate. Survival and 
capacity to regenerate shoots was assessed after transfer to semi-solid S23 medium under 
growth chamber conditions. Storage under a mineral oil overlay was also investigated using 
autoclaved heavy (d = 0.875-0.885) and light (d = 0.84) mineral oil (Sigma Chemical 
Company Ltd.). 
Gel matrix content 
The gel matrix content, especially sucrose concentration, was investigated by 
combinations of various capsule gel matrices with a set of conversion substrates (Table 25). 
Table 25 : Combination of conversion substrates and capsule gel matrix content investigated 
Conversion substrates 
Agar + S23 salts and vitamins 
Agar+ S23 salts, vitamins, and phytohormones 
Agar+ S23 salts, vitamins, phytohormones and Sucrose 
Agar+H20 
Agar+H20 
Agar+H20 
Agar+H20 
Agar+ H20 
Capsule gel matrix content 
S23 (3% Sucrose) 
S23 (3% Sucrose) 
S23 (3% Sucrose) 
S23 (0% Sucrose) 
S23 (3% Sucrose) 
S23 (10% Sucrose) 
S23 (20% Sucrose) 
S23 (30% Sucrose) 
For all combinations six replicates of ten micro-shoots ( 14 days old) (genotype Briac) were 
used. The phytohormone concentration of the gel matrix was also investigated in an attempt 
to improve root initiation and development. Three concentrations of ill A (1, 2 and 3 mg.l·l) 
were investigated against the control containing Kin 2 mg.l-1 and ffiA l mg.l·l. 
This latter experiment was performed to assess the level of phytotoxicity of various 
concentrations of the fungicide thiabendazole (2-[4-Thiazolyl] benzimidazole) (Sigma 
Chemical Company Ltd.), six concentrations were tested (0.025, 0.05, 0.1, 0.2, 0.4, 0.8 
g.J-1). Thiabendazole is insoluble in aqueous solution and must be used in suspension. The 
powder is first dissolved in a small volume of DMSO (Dimethy sulfoxide), a stock 
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suspension is then made up in pure water. The required amount of active material is added to 
the alginic acid solution before tyndallisation. Encapsulated micro-shoots were put in culture 
on semi-solid S23 culture medium at a density of five beads per container, six replicates for 
each set of conditions were used and the ability to develop normal shoots was assessed. 
Conversion 
Thirty day old micro-shoots (genotype Jakez) were encapsulated in sodium alginate 
gel (2% ). The gel matrix contained S23 salts, vitamins and sucrose as well as a variable 
concentration of ffiA ( 1, 2 or 3 mg.J-1 ). Beads were dispatched on four different substrates: 
(i) Sterile semi-solid (Agar 7g.l-l) S23 medium. 
(ii) Sterile compost (Multipurpose Mole Valley Ltd.) 4.6g per lOOrnl hexagonal 
jar, supplemented with 8ml of S23 basal salts, vitamins and sucrose (3%). 
(iii) Sterile and non sterile compost (Multipurpose Mole Valley Ltd.) 4.6g per 
lOOrnl hexagonal jar supplemented with 8ml of sterile water. 
For each combination four jars each containing 10 beads were used. Results were 
assessed in term of production of fully developed plantlets after 60 days of culture. 
A second experiment was performed with rooted micro-shoots (genotype Yann) (21 
days old) produced in liquid medium with and without semi-immersion. The bead matrix 
contained Cefotaxime sodium (0.1 mg.l-1 ), Vancomycin HCl (0.1 mg.l-1 ), Thiabendazole 
(50 mg.l·l), kinetin (l mg.J-1) and sucrose 0.3M (10.2%). Different substrates and 
conditions were investigated: 
(i) Sterile semi-solid (Agar 7g.l-l) S23 medium. 
(ii) Sterile and non sterile compost (Multipurpose Mole Valley Ltd.) 4.6g per lOOrnl 
hexagonal jar, supplemented with 8ml of S23 basal salts, vitamins and sucrose 
(3%). 
(iii) Sterile and non sterile compost (Multipurpose Mole Valley Ltd.) 4.6g per lOOml 
hexagonal jar supplemented with 8ml of sterile Phostrogen® solution (4 g.J·I ). 
(iv) Non-sterile compost in glasshouse with or without mineral oil (d=0.84) coating 
and with or without covering plastic cups. 
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2.2.3.2 Results 
Micro-shoot and rnicro-propagules production 
Micro-shoots were produced routinely using the agitated liquid culture system under 
conditions already described (see 2.2.2). The sequential immersion method is technically 
delicate, in order to avoid any medium or pressure leaks, maintain aseptic conditions, obtain 
a constant and accurate level of immersion throughout the units and keep explants in the top 
of the unit. The Nalgene® filter unit must be carefully adapted. When the system worked 
efficiently it yielded micro-shoots which grew vigorously and with less hyperhydricity than 
observed with permanent immersion. In both culture systems micro-shoots present a 
vigourous shoot apex but with the phytohormone balance used (Kinetin 2 mg.l-1, IBA I 
mg.l-1) virtually none of the shoots were rooted after two weeks of culture. Nevertheless 
early signs of polarisation were observed after seven days of culture; indeed many micro-
shoots displayed root hair like structure close to the wound, distally from the shoot apex 
(Plate 11). 
An experiment testing different phytohormone balances showed that, after two weeks 
of culture with IBA, no root initiation took place even without Kinetin in the culture medium 
(Plate 12). However when NAA was used instead of IBA a very high percentage of the 
growing explants were rooted, with, on average, 1.93 ± 0.12 roots per explant (Plate 12). 
The root meristems were neoformed because the pre-existing shoot meristems were still 
visible and producing pigmented primordia but growing very slowly.lt is important to note 
that the number of micro-shoots recovered per container was significantly (p<O.O 1) higher 
with a culture medium containing 2 mg.l-1 of Kinetin (Plate 12). Also explants cultivated on 
medium without phytohormones started slowly to develop but then rapidly died. These 
observations were made on both an autumn heading (Belot) and on a winter heading (Yann) 
genotype. 
Micro-shoots suitable for encapsulation must possess vigourous roots and shoots. 
Subsequent experimentation tried to combine the rooting ability of NAA with the shoot 
development stimulation observed with Kinetin. The concentration of NAA significantly 
(p<0.001) influenced root initiation, with an optimal concentration of 1 mg.l-1. For the two 
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Plate 11 : Micro-shoot developing two leaf primordia and numerous root hair-like 
structures (arrows) (Bar= 0.4 mm) 
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Plate 12 : Influence of phytohormone balance on explant development (Bar = 1 mm) 
Picture Phytohormone balance Number of developing Type of development 
reference (mg.l-1) ex plants per container 
Kin IBA NAA ± standard error 
A 2 0 204±lla vigorous shoot growth, no root development 
8 I 0 159 ± 18 ab vigorous shoot growth, no root development 
c 0 I 0 115 ± 8 b very slow growth, no root development 
D 0 0 I 127±8 b slow shoot growth, vigorous root development 
E 0 0 0 124±20 b very slow growth, no root development, later death 
a,b indicate groups of values non-statistically different at the 5% level of probability 
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explant size-classes, 0.2-0.3 mm and 0.3-0.6 mm the rooting frequency of micro-shoots, 
was found to be 93.3±1.7% and 84.7±2.8% respectively (Fig. 26). Kinetin concentration 
did not interact with rooting ability, and, for a given NAA concentration, did not induce 
statistically significant variation. Fresh weight of micro-propagules was statistically 
significantly affected by the Kinetin concentration with only a small positive interaction with 
NAA concentration. Phytohormone combinations with high concentrations of NAA (0.05 
mg.I-1) and no Kinetin induced a high frequency of root initiation but displayed a low fresh 
weight; this shows that the increase in fresh weight is essentially due to shoot growth. The 
two concentrations of Kinetin, 0.5 mg.J-1 and 1 mg.l-1, gave the highest fresh weights. The 
highest tested concentration of Kinetin favoured development of bracts and hyperhydricity. 
The optimal combination ofphytohormones was found to be: NAA 1 mg.l-1, Kin 0.5 mg.J-1 
(Plate 13). 
Micro-shoot selection 
During explant development in agitated liquid culture medium the majority of the 
explants developing a non-hyperhydric micro-shoot were floating at the surface of the culture 
medium after two weeks of culture at 19 ± 1 oc (Plate 14a). Nevertheless some good quality 
micro-shoots also sank in this medium. Consequently, it has been necessary to develop a 
more efficient system of micro-shoot selection. A system using a sucrose pad was developed 
for its simplicity and low cost; from the concentrations of sucrose tested, 0.4 M (136.9 g.l-
1) gave the best result. After mixing the developing explants in this solution, the dead 
explants and hyperhydric micro-shoots sank in the solution, whereas the non-hyperhydric 
micro-shoots and micro-propagules remained at the surface. This procedure considerably 
eased the selection of micro-shoots and rnicro-propagules before encapsulation. 
Encapsulation 
Sterilisation by tyndallisation efficiently limited alginate destruction by high 
temperature and the solution remained able to set. For a sodium alginate concentration of 
2%, spherical beads of 5-7 mm diameter were produced (Plate 14b,c,d). With higher 
concentrations viscosity increased making drop-shaped beads; above a concentration of 4% 
bead production became very tedious. The optimal concentration of 2% was used thoughout 
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Figure 26 : Influence of the culture medium phytohormone balance on root initiation and micro-propagule growth 
for cultured explants of two size-classes (a) 0.2-0.3 mm (b) 0.3-0.6 mm. (LSD 5% , differences greater than this 
are significant at the 5% level of probability) 
Plate 13 : Micro-propagules produced after two weeks of culture in medium containing l.mgJ ·1 NAA 
and 05 mgJ·1 of kinetin (Bar= lmm) 
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Plate 14 : Artificial seed production 
(a) Micro-shoots production in agitated culture medium (Bar= lcm) 
(b) Micro-shoots before encapsulation (Bar = 0.2cm) 
(c) After encapsulation in calcium alginate hydrogel (Bar= 0.2cm) 
(d) Container containing six hundred beads during complexing in calcium chloride 
solution (Bar= lcm) 
(e) Germination of an encapsulated micro-shoot on semi-solid (Agar 0.7%) sterile 
substrate (Bar= 0.2cm) 
(f) Conversion to plantlet on sterile compost (Bar= 0.2cm) 
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subsequent experiments. Encapsulated micro-shoots placed on semi-solid S23 medium in a 
growth chamber 'germinated' within days, regardless of the initial concentration of sodium 
alginate used (2-6%) (Plate l4e). However encapsulation did influence micro-shoot rooting 
ability with the same inhibiting effect demonstrated for all concentrations investigated (Fig. 
27). Encapsulation of rooted micro-shoots offset this drawback 
Storage 
Encapsulated micro-shoots stored at 19 ± I °C under a layer of mineral oil did not 
cease growth immediately and developed hyperhydric primordia. Micro-shoots transfered to 
semi-solid culture medium after immersion in mineral oil, even with no storage, developed 
hyperhydric leaves and some necrosis. Eventually most of the plantlets resumed a non 
hyperhydric development; nevertheless this system of storage appeared unsuitable for 
encapsulated cauliflower micro-shoots. 
Storage at low temperature ( 4 ± 1 oq and very low light intensity was sucessful for at 
least six months. A few micro-shoots died but the overall survival rate was very high, 
100 ± 0% (±se) for Fanch and 95 ± 3% (±se) for Jakez. Micro-shoots still grew slowly at 
4 ± 1 °C; indicating that the minimum temperature for growth appears to be lower than 4°C. 
After transfer to culture medium at 19 ± l oc encapsulated microshoots developed plantlets 
with no obvious reduction in vigour. 
Gel matrix content 
Manipulation of the gel matrix content showed that the only normally developed 
micro-shoots were those encapsulated in S23 medium with 3% sucrose on a conversion 
substrate containing the same solution. All other combinations gave slow growing micro-
shoots not able to produce establised plantlets, even when micro-shoots were encapsulated in 
gel made with S23 and 3% sucrose on an agar water substrate. This experiment shows the 
importance of each component at the correct level available to the micro-shoot. The substrate 
appeared to be controlling the developement of the micro-shoot. The gel matrix content as the 
sole nutrient source did not appear to enable micro-shoots to convert into plantlets. Sucrose 
was a key element but increasing its concentration tended only to increase symptoms of 
hyperhydricity and associated anthocyanin pigmentation. 
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Removing Kinetin and increasing IBA concentration in the gel matrix and substrate 
overcame the rooting inhibition caused by encapsulation. The control encapsulation with the 
usual phytohormone balance (Kin 2 mg.J-1, IBA 1 mg.J·I) produced only 10% rooted 
developing plantlets. Encapsulated micro-shoots on a gel matrix containing 2 mg.l·l of IBA 
without Kinetin induced 80% rooted plantlets. Higher and lower IBA concentration yielded 
lower rooting frequency. 
The presence in the gel matrix ofCefotaxime sodium (lOO mg.J-1) and Vancomycin 
HCl (100 mg.J-1) appeared, as expected, to have no influence on micro-shoot development. 
Combination with Thiabendazol showed that the fungicide was not phytotoxic at 
concentrations below 4 g.l-1. Inoculation of culture vessels with a mould (Mucor isolated 
from other infected cultures) on semi-solid medium containing increasing concentrations of 
Thiabendazol showed that concentrations as low as 50 mg.l-1 was able to deter fungal 
development. 
Conversion 
The first experiment showed that conversion to plantlets was possible but only under 
sterile conditions (Plate 14t); when the substrate was not sterile the conditions favoured 
bryophyte and green algae development; in these conditions the micro-shoots started to 
develop but rapidly died. The best results were obtained when the sterile substrate was 
supplemented with S23 nutritive solution. In some cases over 80% micro-shoots converted 
into plantlets (Fig. 28), but interestingly when compost was supplemented with sterile water 
some micro-shoots did convert into small plantlets; these micro-shoots were those already 
rooted during encapsulation. Root establishment appeared to be the key to successful 
conversion. In this regard the phytohormone balance of the gel matrix did not appear to have 
a significant effect on micro-shoot rooting ability and on conversion. The nutrient supply to 
the micro-shoot also appeared as a key point and clearly it has to be improved since the 
conversion frequency on compost supplemented with water was low. 
The subsequent experimentation aimed: 
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(i) To improve the phytosanitary conditions by giving antibiotics and fungicide 
protection. 
(ii) To overcome the rooting problem by encapsulating already rooted micro-shoots. 
(iii) To improve micro-propagule 'quality', in terms of resistance to dessication, by 
production of micro-propagules using sequential immersion inducing a 
hardening effect and producing bigger micro-propagules. 
(iv) To improve nutrient supply by increasing gel matrix sucrose content (0.3M) and 
to assess the efficiency of a cheap commercial nutrient solution (Phostrogen®) 
for substrate supplementation. 
(v) To assess ability to directly transfer to non sterile compost in glasshouse 
conditions by limiting dessication with a mineral oil coating and or keeping 
under high humidity atmosphere under a transparent plastic covering. 
Unfortunately this experiment was plagued by microorganism contamination 
showing that the phytosanitary protection was not efficient enough. Only a small percentage 
of encapsulated micro-propagules converted into plantlets. But these had several interesting 
features in common: 
(i) The successfully converted micro-shoots had all been produced by sequential 
immersion. 
(ii) They grew better on substrate supplemented with S23 salts but good plants were 
also recovered with phostrogen® solution substrate supplementation. 
(iii) They displayed a very variable vigour especially for rooting. 
Direct transfer to the glasshouse was not successful because dehydration was too intense, 
despite precautions. Some micro-propagules did convert but rapidly died. 
2.2.3.3 Discussion 
The described protocol allowed production of rooted micro-shoots of cauliflower 
(micro-propagules) in one step from curd micro-explants. This is the first report of 
production of non embryonic bipolar structures 'en masse' (with no cotyledons) for Brassica 
spp., in fact only Sanada et al. (1993) reported similar micro-propagules with lettuce, but 
these were obtained by induction of neoformed meristems. 
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The organisation of the micro-propagules appeared highly suitable for encapsulation 
with at least one shoot apex, and one root apex. Roots had a vigorous apex with a root hair 
zone to absorb water and nutrients outside the bead after germination and root hairs at their 
base in contact with the shoot to absorb nutrients contained in the bead matrix. However it 
will be important in the future to observe histological sections through micro-propagules to 
confirm vascular connection between shoot and root. 
The success of an artificial seed system was defined by Redenbaugh (1993) to be 
dependent on the quality of the encapsulated SE and on the efficiency of the delivery system 
to enable conversion. One can also add the need for an efficient system of storage to enable 
year round production. For a system using micro-propagules the three conditions 
determining success remain the same and these are discused individually. 
Micro-propagule quality 
Micro-propagule quality depended on morphological, physiological and phenotypical 
homogeneity. Morphologically, micro-propagules are expected to possess one shoot apex 
and at least one root apex. The micro-explant sieving step enables the initial material to be 
homogeneous. Nevertheless the variability of meristem size on the curd, and together with 
damage caused by the protocol of explant production, induced an important variability. The 
system of explant production has to be improved to reduce damage. Single stemmed plantlets 
were difficult to produce. The culture medium enabled root induction on almost all 
developing explants, however medium optimisation used only one genotype (Yann) and this 
optimisation must be extended to other genotypes. Thousands of micro-propagules can be 
produced from one curd. An interesting point is the ability of NAA at low concentration, but 
not ffiA, to induce early rooting of micro-shoots even with Kinetin in the culture medium. 
Similar difference of activity between type of auxin were observed by Branca et al. ( 1991 ); 
they attributed the variation in auxin activity to their molecular structures. It is important to 
maintain a low Kinetin concentration (0.5 mg.J-1) to boost development of the shoot apex, 
but it probably reduced the size and maybe vigour, of the root. In this regard the use of BAP 
instead of Kinetin could improve the system; BAP was observed to be caulogenic in tissue 
culture but also interestingly rhizogenic (data not shown), however it was not tested on 
micro-explants. The variability of vigour observed between micro-propagules seems to be a 
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combination of many factors such as initial explant meristem physiological status and size, 
culture conditions, and damage caused during explant production. It is interesting to note that 
authors using somatic embryos also reported difficulty in controlling their vigour (for review 
see Redenbaugh 1993). This problem will only be addressed by a better understanding of 
micro-propagule physiology. 
The phenotypic stability of micro-propagules produced with the modified 
phytohormone balance was not analysed, nevertheless an interesting point is that this balance 
induced less explant development and even if it is difficult to prove that this difference is due 
to less shoot being produced de novo, it is postulated that it is the case. The assumption is 
that it is these types of shoot which are likely to be the most affected by epigenic defects. 
Nethertheless the beneficial effect of the new phytohormone balance still has to be 
confirmed. Physiologically, apart from micro-propagule vigour, the most important problem 
is the sensitivity to dehydration during weaning. A culture system allowing partial hardening 
of micro-propagules was demonstrated to be efficient. This sequential immersion culture 
system was previously reported by Alvard et al. (1991) to be useful for several different 
species. The technical aspects of the culture vessel were difficult to control, however the 
recent commercial availability of culture vessels adapted to this function (CIRAD-Teisson 
1995) should make this culture technique more accessible. 
Delivery system 
The delivery system must assist the micro-propagule for the short but critical phase 
of conversion into an autotrophic plantlet. All experiments tended to the conclusion that 
establishment of a root system is the initial priority and must occur rapidly. It means that to 
have a successful conversion it is a prerequisite to encapsulate rooted micro-shoots. The 
artificial endosperm must sustain growth not organogenesis. The capsule used must confer 
mechanical resistance, phytosanitary protection, dehydratation protection and optimal 
nutrient supply to the micro-propagule. 
The main hydrogel used for hydrated synthetic seed is calcium alginate, though many 
other gels have been investigated (Redenbaugh 1986). Calcium alginate is not phytotoxic 
and easy to use. The protocol described here is very similar to methods previously described 
(Bapat et al. 1987, Mathur et al. 1989). Nevertheless as recently pointed out by Redenbaugh 
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et al. (1992) this system presented drawbacks linked with restricted gas flow through the gel 
matrix. Rooting inhibition of micro-shoots when encapsulated was observed in this study. 
This phenomenon could be linked with respiration problems. Addition of activated charcoal 
was reported to improve artificial seed conversion (Redenbaugh et al. 1993), but it is not 
clear if its effects improved respiration. Clearly there is need for a new encapsulation 
material; pharmaceutical capsules recently adapted by Dupuis et al. (1994) could be an 
interesting alternative. 
Conversion of encapsulated micro-propagules appeared difficult especially in non 
sterile conditions. The gel matrix contents used were obviously not optimised. All the 
nutrients were demonstrated to be important whereas for other systems the carbohydrate 
source was reported to be the key factor (Kinoshita and Saito 1990). In the case of 
cauliflower micro-propagules the carbohydrate source is also very important and difficult to 
supply effectively. There is an obvious need for a source of sucrose but micro-shoots 
became rapidly hyperhydric in a highly concentrated gel matrix. Two alternatives are 
possible: 
(i) Increasing the starch content of leaf primordia developed in vitro as they were reported to 
act as storage organ (artificial cotyledons) in conventional micropropagation (Wardle et 
al. 1979). 
(ii) Adding microcapsules releasing sucrose or other nutrients slowly to the gel matrix 
(Redenbaugh et al. 1987). However because these microcapsules started to supply 
sucrose as soon as they were placed in the gel matrix no storage was possible. Friend 
( 1993) proposed to include these microcapsules in an hydrophobic coating arround the 
calcium alginate bead. The sucrose would start to be released only after natural 
degradation of the coating after planting. More recently Onishi et al. ( 1994) reported the 
use of a new type of microcapsule coating blocking sucrose release at 4°C thus enabling 
bead storage and releasing sucrose proportionally at higher temperature. 
Phytosanitary protection was not optimised in this protocol and microorganism 
development caused a serious problem. To solve this it will be necessary to develop a more 
complex combination of antibiotics and fungicides. This would inevitably lead to rising the 
cost of the encapsulation solution due to the high price of these components, however it was 
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demonstrated (see 2.2.2) that medium costs were relatively insignificant compared to other 
costs especially labour. A better fungicide needs to be used because Thiabendazole is not the 
best product on the market. Nystatin (Sigma company Ltd. UK) could be an interesting 
alternative. 
Protection against dessication using mineral oil coating as developed by 
Mukunthakumar and Mathur ( 1992) appeared inefficient with this system in glasshouse 
conditions. Friend ( 1993) described several other hydrophobic coating formulations, derived 
from the packaging and waterproof industry, which appeared very efficient in dehydration 
control. Adapting one of these techniques may provide good dehydration and nutrient 
leakage protection. 
Storage system 
Storage at room temperature under a mineral oil overlay was reported as promising for 
encapsulated SE's (Mathur et al. 1991). With encapsulated micro-propagules of cauliflower 
however the system did not significantly control development and induced hyperhydricity 
and necrosis. The storage of cauliflower plantlets has traditionally been successful at low 
temperature (Lunn personal communication) and for encapsulated micro-shoots, cold storage 
appeared to be very efficient with storage ability for at least six months with no substantial 
loss of viability. This system was also reported for encapsulated buds of birch (Kinoshita 
and Saito 1990) and mulberry (Bapat et al. 1987). Recently Kubota and Kozai (1994) 
reported an interesting study on low-temperature storage of broccoli plantlets. They observed 
that to preserve regrowth ability plantlets stored at low temperature must be kept at low light 
intensity. Darkness or too intense lighting led to plantlet death. In the protocol described the 
encapsulated micro-shoots were effectively stored under low light intensity and remained 
pigmented during the six months storage before regrowth in the culture chamber. 
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2.2.4 Conclusion 
In this chapter factors affecting shoot regeneration from curd meristems were 
identified and original approaches to limit their influence proposed (see 2.2.1). A new 
protocol for mass production of cauliflower propagule was developed (Fig. 29) (see 2.2.2). 
This protocol is superior to systems previously reported due to : 
(i) A simple methodology with a high potential for automatisation, as single rooted shoots 
can be recovered with no subculture required. 
(ii) Large scale micropropagation allowing production of tens of thousands of shoots from 
the use of mechanisation allied to the use of an initial liquid medium. 
(iii) The recovery and weaning of high quality plantlets within 40-50 days from hardening, 
using an efficient rooting step on semi-solid medium. 
(iv) A low cost of production due to the reduction in labour required and the rapidity of the 
production cycle. 
Furthermore the protocol is expected to improve the efficiency of removal of virus 
infection observed with bigger explants (Walkey et al. 1974). This system opens new 
perspectives for cauliflower micropropagation as a cost effective application on an industrial 
scale close to that achieved for a few species such as potato (Akita and Takayama 1994; 
Alchanatis et al. 1994) and lily (Takahashi et al. 1994) and potentially competitive with 
systems of propagation using somatic embryos, as micro-propagules could be produced, 
encapsulated, stored and in strictly controlled environment converted to plants (Fig. 29) (see 
2.2.3). The easy production of large number of micro-shoots should considerably ease the 
establishment of the protocol for cauliflower germplasm storage by cryopreservation. 
Furthermore the efficiency of the protocol for shoot regeneration should make it an excellent 
system of regeneration for genome manipulation such as chemical directed mutagenesis and 
genetic transformation. 
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2.3 Cryopreservation of cauliflower micro-shoots 
Germplasm of the wild members of the Brassica oleracea L. group endemic to the 
mediterranean coast lines (Snogerup 1980) are endangered of disappearing under the 
pressure of human agricultural activities and crossbreeding with cultivated types (Perrino et 
al. 1992; Xhuveli et al. 1995). The diversity of the cultivated types is also threatened by 
losses of many landraces in favour of highly bred Fl hybrids (Massie et al. 1994). Several 
important collections exist in Europe for example, in the United Kingdom the European 
collection at HRI genetic resources Wellesboume. Seeds are stored under conventional 
conditions (low temperature, low humidity) (Takayanagi 1980), however, the storage 
duration in these conditions is limited and requires a periodical cultivation cycle to produce 
new seed lots. This type of storage is therefore expensive and still threatened by human error 
and climatic accidents during the cultivation cycle. Some valuable elite genotypes are 
produced by seedhouses and research laboratories in vitro and stored under low temperature 
(4°C) and low light intensity (Kubota and Kozai 1994). 
The development of an efficient cryopreservation protocol could lead to a more 
efficient, low cost mean of germplasm storage. Plant shoot-tips are reported to be the 
ultimate material for cryopreservation because of their great genetic stability (Paulet et al. 
1993). There is little published work in this field reported with Brassica spp. (see 1.4.4 table 
14). For B. oleracea L. only one paper reported using cryopreservation with a conventional 
slow freezing procedure of meristems from cold hardened field-grown plants of Brussels 
sprout (Harada et al. 1985). Recently new approaches to cryopreservation using Dehydration 
I Vitrification methods have been developed (Fabre and Dereuddre 1990; Sakai et al. 1990). 
These techniques are simple, rapid and do not require the use of an expensive programmable 
freezer. 
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For cauliflower the previously described protocol for mass production of in vitro-
produced micro-shoots delivered thousand of meristems produced rapidly at low cost which 
contrasts with the labour intensive and costly methods of shoot-tips production reported for 
other species (micropropagation or culture in vitro of an equivalent seed number). 
The aim of this subchapter is to investigate the amenability of these cauliflower micro-
shoots to cryopreservation using a Dehydration I Vitrification procedure. 
2.3.1 Material and methods 
1.3.1.1 Material 
Three varieties of cauliflower were used : Two winter heading type, Jakez (Fl hybrid) 
(Organisation Bretonne de Selection), Briac (O.P.) (Clause Ltd.); one autumn heading types 
Belot (Fl hybrid) (Bejo Zaden b.v .). The plants were grown according to good commercial 
practice (MAFF 1982) in the field. 
1.3.1.2 Methods 
Micro-shoot production 
Micro-shoots were produced and cultured as previously described (see 2.2). Curd 
micro-explants of the two size-classes 0.2-0.3 mm and 0.3-0.6 mm were cultured for 10-14 
days in a basal S23 medium containing O.IM of sucrose. 
Preculture and cold hardening 
Before freezing, micro-shoots were in most cases precultured and( or) cold acclimated 
at 4°C for at least four days (Table 26). These preconditioning treatments aimed to induce a 
physiological adaptation of the meristem to low temperature as reported on B. oleracea L. by 
Harada et al. (1985) with cold acclimation and on B. napus L. cell culture by Johnson-
Fianagan and Singh ( 1987) by culture on medium containing high concentration in sucrose. 
Progressive preculture as described by Niino and Sakai (1992) was performed at 4°C and 
l9°C . Successive daily transfer of the micro-shoots was carried out onto media 
supplemented with 0.1, 0.4, 0.7 M sucrose and for the last experiments up to 1.0 M 
sucrose. 
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Table 26 : Experimental protocol for cauliflower micro-shoot cryopreservation 
Experiment Genotype Cold Preculture Encapsulation Dehydration Storage 
acclimation temperature 
Briac no no yes no 4"C to -17"C 
2 Jakez no yes yes yes -196"C 
3 Belot yes yes yes yes -22"C 
4 Belot yes yes yes yes -196"C 
Encapsulation 
Alginate gel (2%) beads containing micro-shoots were prepared according to the 
technique of Bapat et al. (1987) as described in section 2.2.3. The gel matrix contained either 
0.1 M sucrose or the molarity in sucrose of the final preculture medium. 
Dehydration procedure 
After encapsulation the entrapped micro-shoots were dehydrated under a sterile air flow at 
room temperature and humidity as described by Fabre and Dereuddre (1990). The objective 
was to induce a physical removal of a sufficient proportion of cell free water to increase their 
supercooling capacity in proportion compatible with the vitrification protocol developed. The 
desiccation physical conditions were optimised by studying capsule desiccation using a 
Sartorius moisture balance (MA30) at 40°C. This technique enables the speeding up of the 
dehydration thus easing the optimization of its physical parameters. The influence on 
desiccation curves of capsule blotting and disposition (grouped or individually separated) 
were investigated. In each condition three repetitions of 20 beads were desiccated at 40°C for 
one hour. 
Using optimised parameters, desiccation was then carried out under sterile air flow for up 
to 5-6 hrs. The moisture content of the beads was monitored using a sample of 20 beads 
weight repetitively. The selected moisture content (% of the original fresh weight) when 
beads were cryopreserved was 100,50, 40, 30,20 and 10% (when achievable). For each 
condition three replications of 20 beads were frozen and an extra set of 20 beads were 
cultivated on semi-solid culture medium without freezing treatment as controls. 
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Cryogenic protocols 
Different cryogenic protocols were tested. 
(i) Slow freezing down to -17°C in a glycol bath cooled by a refrigerated cooler (type CK-1, 
Grant instruments Ltd., UK), the cooling rate was adjusted to 2°C.min·l using a 
heater/pump unit (type ZD-P, Grant instruments Ltd., UK) under control of a temperature 
programmer (type PZ-1, Grant instruments Ltd., UK). 
(ii) Rapid freezing at -20°C in a commercial freezer. Cooling rate on average 2°C.min·l. 
(iii) Rapid freezing in liquid nitrogen (cooling rate about l40°C.min-1) with or without pre-
cooling to -7°C. 
Bead temperature was measured using standard copper/constantan PTFE coated 
thermocouples and recorded every 30 seconds on a Delta T data logger (type DL2, Delta-T 
devices Ltd., UK). Data were later downloaded and analysed using Delta-Tview software 
(Test Data systems Ltd., UK). 
The minimal storage duration in liquid nitrogen to avoid false positives (micro-shoot 
surviving freezing without reaching -196°C) was investigated using non cryoprotected 
micro-shoots which were quenched in liquid nitrogen for a variable duration before thawing 
(0, 10, 20, 30, 60, 90,300 and 600 seconds). The frequency of micro-shoot survival was 
assessed. 
Thawing 
Beads were warmed by placing the cryotubes in a bath at 25°C (warming rate : about 
l40°C.min·l) or 35°C (warming rate: about 200°C.min-1). Material frozen at temperature 
above -20°C were thawed at room temperature. Survival was assessed after one week 
following transfer on S23 medium in growth chamber. Shoot regeneration was assessed 
after one month of culture. 
2.3.2 Results 
2.3.2.1 Practical considerations 
After one hour of desiccation at 40°C it became clear that the dehydration rate was 
lower when beads were placed at random (with many contacts between them) on the drying 
172 
disc than when they were strictly isolated (no contact between them). The final water 
contents were respectively 33.85% ± 2.00% and 15.87% ± 4.09% (Fig. 30). Desiccation 
was delayed further when the beads were not blotted dry before dehydration. The variability 
observed in desiccation from one bead to another depended largely on the initial bead size. 
Optimal and reproducible dehydration was obtained when beads were blotted dry and 
separated strictly from each other before desiccation. 
The supercooling ability of a capsule (calcium alginate bead containing one micro-
shoot) was monitored by cooling at slow rate down to -l7°C. At -1 0°C most of the capsules 
supercool and the percentage of micro-shoot survival remained above 80% (Fig. 31 ). 
Surviving micro-shoots remained green and resumed growth within days. Below about 
-11 °C beads froze (Fig. 32) and became opaque as water crystallised inducing a drastic 
decline in micro-shoot survival, none survived a treatment down to -15°C. Dead micro-
shoots turned white and were easily recorded. 
Entrapped micro-shoots in these conditions had little cryoresistance and after 1.5 min 
in liquid nitrogen lOO% of the micro-shoots were dead (Fig. 33). To avoid false positives to 
occur frozen capsules were stored for at least 5 minutes and when possible for one hour in 
subsequent experiments. 
2.3.2.2 Desiccation and cryopreservation 
Dessication treatment was investigated as it dramatically increased bead supercooling 
ability (Fig. 32). Desiccation under air flow was initially rapid then slowed down to reach a 
plateau after about 4-5 hours of treatment for all sucrose contents (Fig. 34). The water 
content was assessed as dehydrated percentage of the fresh weight and of course depended 
on the level of the initial gel matrix sucrose content. High sucrose content lead to high 
percentage dry mater and lower moisture content. After four hours of desiccation, capsules 
were dehydrated down to 10% of their fresh weight with a sucrose content of0.1M and 
were respectively 18%,25% and 33% for sucrose contents of0.4,0.7, l.OM. Sucrose 
content per se had no effect on shoot survival with all controls (unfrozen) shoot showing 
lOO% regrowth. Desiccation for four hours however did affect the frequencies of survival of 
the controls with 58% survival for a sucrose content of O.IM, 98% for a sucrose content of 
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Figure 30 : Desiccation curves for twenty encapsulated micro-shoots in a Sartorius moisture 
balance at 40°C in relation to their position on the drying disc 
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0.4M and 93% for a sucrose content of 0. 7M. For the two last sucrose contents (preculture 
and gel matrix) micro-shoots displayed resistance to drastic dehydration treatment. 
Rapid freezing in liquid nitrogen killed all the micro-shoots pretreated at the 0.1M and 
0.4M sucrose levels regardless of the level of desiccation. Only highly desiccated entrapped 
micro-shoots precultured in medium containing up to 0.7M sucrose showed some 
cryoresistance. For a desiccation down to 25% of the fresh weight an average of 69% ± 17% 
(Fig. 35) of the micro-shoots survived with no significant difference induced by a 
preliminary freezing at -7°C. When micro-shoots were precultured and dehydrated in the 
same conditions but encapsulated in a gel matrix containing 0.1 M sucrose instead of 0. 7M, 
no micro-shoots survived the freezing treatment. 
Similar material cold hardened for 4 days at 4°C precultured in medium containing up 
to 0.7M sucrose and dehydrated down to 25% of the fresh weight was stored at -20°C after 
rapid cooling. Micro-shoots survived at a low frequency (0-15%) only for two days freezing 
and only a few shoots could be recovered as most of the surviving tissues were not 
meristematic (pieces of leaf primordium). For this temperature desiccated bead supercooled 
but did not vitrify (Fig. 32). 
The experimentation of dehydration I freezing in liquid nitrogen of cold hardened 
micro-shoot precultured in medium containing up to 1.0M sucrose did not enable a 
development of a better understanding of the phenomenon involved. Results were plagued 
by microorganisms contamination not detected before encapsulation and few results could be 
recorded, however a few micro-shoots precultured up to 1.0M sucrose and desiccated down 
to 30% and 33% of the fresh weight did regenerated plantlets after one hour of storage at 
-196°C. 
2.3.3 Discussion and conclusion 
Eighty percent of the encapsulated micro-shoots withstood a slow freezing treatment 
down to -10°C but none survived at -15°C as bead water crystallised at about -11 oc. Micro-
shoots appeared to have a similar response to freezing as whole plantlets treated with the 
same cryogenic protocol (Fuller et al. 1994). Curd tissues are much more sensitive to low 
temperature than curd derived micro-shoots with an average freezing temperature of 
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individual florets around -6°C (Fuller et al. 1994). This difference offreezing resistance 
between leaves and curd is thought to be associated with the photosynthetic activity of leaves 
(Grout et al. 1982). In consequence it would be interesting to test whether more 
photosynthetically active micro-shoots would be more resistant to freezing. The cytoplasm 
concentration in assimilates is likely to influence its supercooling capacities. The inherent 
freezing resistance of micro-shoots however is poor in comparison with dormant buds of 
apple or Brussels sprouts which can withstand more drastic treatment (Harada et al. 1985, 
· Kartha and Engelmann 1994). Several preconditioning treatments were tested to increase 
micro-shoots cryoresistance (cold acclimation, progressive preculture in increasing sucrose 
concentration). Cold acclimation at 4°C for 4 days did not appear to induce noticeable 
hardening of the micro-shoots. Nevertheless, this experiment was carried out on a single 
variety of autumn heading cauliflower.lt is notorious that cauliflower types have different 
cold tolerance, the best being the over-wintered late winter/early spring maturing types. In 
this context it is important to analyse more varieties with longer hardening treatment duration 
and possibly at lower temperatures. Observations reported by Harada et al. (1985) are also in 
favour of the existence of hardening potentiality in cauliflower at least in vegetative tissues. 
Preculture and dehydration tolerance appear to be very high for cauliflower micro-shoots 
even by the high standard obtained on hardened pear bud by Niino and Sakai (1992). 
Despite this the cryoresistance to storage in liquid nitrogen was very low. Only at high gel 
matrix concentration in sucrose was survival obtained. This observation tends to the 
conclusion that micro-shoot cryoresistance seems to be more due to the bead supercooling 
and vitrification capacity. Previous reports for other species agree that a concentration in 
sucrose of 0.7-l.OM is optimal (Dereuddre et al. 1990, Niino and Sakai 1992), and survival 
was achieved with a water content of 25% (0.7M sucrose, experiment 2) and 30-33% (l.OM 
sucrose, experiment 4). The optimal water content appeared very narrow and consequently 
meant that freezing survival was difficult to achieve. Following a similar protocol Niino et al. 
(l992b) found that mulberry shoot-tips resisted cryostorage with a water content between 
17% and 40% (lM sucrose) with an optimal figure of 25%. Niino and Sakai (1992) reported 
survival of apple buds with a water content between 22% and 55% (0.7M sucrose). The 
reported optimal water content in the cauliflower experiments was in accordance with these 
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figure but the range enabling survival was a lot narrower. In order for this to be used 
industrially a much higher cryoresistance will have to be established. This could be achieved 
in different ways: 
(i) Improvement of the cold hardening treatment, as cauliflower is likely to be responsive. 
(ii) Use of a slow freezing method down to -20°C or -30°C prior to storage in liquid 
nitrogen. This protocol increased significantly the survival for grape and apple (Plessis et 
al. 1991; Niino and Sakai 1992). 
(iii) The optimal water content is narrow; in consequence a slower desiccation procedure 
such as use of silica gel instead of air flow could enable more precise values to be 
obtained (Paulet et al. 1993). 
(iv) Microshoots exhibited a high resistance to preculture in highly concentrated solution and 
to dehydration. Consequently they should respond well to the vitrification method 
developed by Sakai et al. (1990). This method is based on an osmotic dehydration and 
an intense cryoprotectant cell loading using a highly concentrated vitrification solution. 
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2.4 Protoplast production from curd meristematic tissues 
Successful protoplast culture has been reported after isolation from various 
cauliflower tissues: mesophyll from young in vitro-grown plants (Jourdan et al. 1985; 
Jourdan and Earle 1989; Jourdan et al. 1990; Waiters and Earle 1990; Delpierre and Boccon-
Gibod 1992; Boerrigter and Elsenga 1993), hypocotyl and cotyledon from in vitro-grown 
seedlings (Vosya and Bhaskarans 1982; Glimelius 1984; Waiters and Earle 1990; Boerrigter 
and Elsenga 1993; Fransz et al. 1993; 1994; Zhao et al. 1995a,b), callus produced from 
young leaf explants (Bauer 1988) and 'fleshy flower stalks' from field-grown curd (Yang et 
al. 1994). 
Successful protoplast culture requires the following preconditions: cells that are easy 
to isolate, available in large numbers, highly viable, meristematic and totipotent, 
homogeneous morphologically and cytologically (usually diploid). Mesophyll and hypocotyl 
protoplasts are the most commonly used with hypocotyl protoplast often being preferred 
because they divide faster, at a higher rate and give a better yield of regenerated plants 
(Glimelius 1984; Kao et al. 1990). Protoplasts isolation from this material however requires 
germination of large number of often costly seeds. 
Cauliflower curd carries on its surface a large number of meristems and these tissues 
could be a source of highly meristematic cells in large quantity. Yang et al. (1994) reported 
protoplast isolation from flower stalks collected from curd but they apparently did not use the 
upper meristematic tissues. The aim of this subchapter is to assess the ability of curd 
meristematic tissues to supply protoplasts of good quality. Furthermore it is also to study the 
enzymatic digestion of these tissues in relation to microexplant production (see 2.2.2). 
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2.4.1 Material and methods 
2.4.1.1 Material 
Cauliflower, winter heading type Fanch (Fl hybrid) (Organisation Bretonne de 
SeJection) and summer heading type Plana (Fl hybrid) (Royal Sluis Ltd.), were grown 
according to good commercial practice (MAFF 1982) both in the field and in the glasshouse. 
2.4.1.2 Methods 
Tissues preparation 
Pieces of curd were surface sterilised as previously described (see 2.2.1). Explants 
were produced by shaving-off the upper meristematic layer of sterile florets using a scalpel 
(maximum depth 1mm). These explants were generally used directly or occasionally were 
graded using precision sieves (see 2.2.3). In one experiment explants were collected after 
discarding the upper meristematic layer (I mm) and thus corresponded to small sections of 
immature curd branches. 
Protoplast isolation 
The protocol used was derived from Pauk et al. (1991) and Delpierre and Boccon-
Gibod ( 1992). Curd meristems were pre-plasmolysed for one hour in CPW solution 
(KH2P04 0.2mM, KN03 l.OmM, CaCl2, 2H20 IO.OmM, MgS04, 7H20 l.OmM, KI 10-3 
mM, CuS04, SH20 10·4 mM) (Zapata and Sink 1981) or K3 medium (Kao et al. 1974) 
usually containing 0.7M mannitol (about 750 mOs.Kg H20· I) (pH 5.6) but different 
osmolarities were tested from 200 to 800 mOs.Kg H20· I. Mannitol concentration was 
adjusted in accordance with expected osmolarity (CPW basal salts gave about 34 mOs.Kg 
H20· I) and was confirmed using an osmometer (type Osmette A, Precision system INC.). 
The tissues were then incubated in the same solution containing 0.2-2% of Cellulase (from 
Trichoderma viride) (Sigma chemical Company Ltd.), 0.0-0.2% of Pectolyase (from 
Aspergillus japonicus) (Sigma chemical Company Ltd.), 0.0-1.0% of Hemicellulase (from 
Aspergillus niger) (Sigma chemical Company Ltd.) and 3mM 2-[N-Morpholino] 
ethanesulfonic acid (MES) (pH 5.6). The incubation digestion was carried out at 24:!: I oc in 
the dark, on a gyratory shaker (50 rpm) for 16 hrs. The enzyme mixture containing the 
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protoplasts, was then sieved through a mesh (53J.1m), diluted with an equal volume of W5 
salt solution (CaCI2, 2H20 124mM, NaC1154mM, KCL 12mM, Glucose 5mM, MES 
3mM) (Menczel et al. 1981), and centrifuged for 5 min at lOOg. The protoplast pellet, 
resuspended in W5 solution with 0.05M glucose (about 730 mOs.Kg H20·l) (density about 
1.02) was layered on top of CPW solution with 0.58M sucrose (density about 1.07), and 
centrifuged for 3 min at 90g for purification. The floating band with intact protoplasts was 
removed, resuspended in the washing solution W5 with 0.05M glucose and centrifuged 
twice for 5 min at lOOg. Protoplast number was determined using standard procedure with 
an haemocytometer under a Leitz DMIL inverted microscope and the diameter distribution of 
the protoplast population was determined by measurement with a graticule (about 200 
protoplasts per extraction). Three to five protoplast isolations were conducted per conditions 
for all experiments carried out. 
Histological sections 
To understand the histological structure of the digested tissues and protoplasts origin, 
histological cuts were made. Small fresh florets were sliced using a microtome (rotary 
rocking microtome type 52161, Cambridge instrument Ltd.) with the section thickness 
adjusted for l5J.1m. Sections were fixed in a solution of ethanol:chlorofonn:acetic acid 
(6:3:1) (v:v:v) for one day and stained with aceta-carmine (carmine dye lOg.J-1 disolved in 
45% acetic acid and filtered) and observed under microscope. 
2.4.2 Results 
Meristematic tissues from the variety Fanch produced protoplasts of good quality 
(Plate 15). The optimal osmoticum during extraction was 600-700 mOs.Kg H20· I below 
and above this range there was a lot of protoplast aggregation and purification was difficult. 
In the enzyme solution 1% cellulase was optimal (Fig. 36a) and it was even possible to 
isolate protoplasts at a low yield without other enzymes (2.2x 1 os± 0.3x I os 
Protoplastslg.F.W.) (Fig. 36b). Pectolyase at 0.2% improved the extraction considerably 
(Fig. 36b) and would probably have been even more efficient at higher concentration. 
Hemicellulase did not improve the protoplast yield (Fig. 36c) and even reduced it in 
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Plate 15 : Freshly isolated protoplasts from curd meristematic tissues (Bar=50J..lm) 
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Figure 36 : Influence of the concentration of the enzyme solution on the protoplast yield 
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comparison with the control. The best yield (l.40xl06 ± 0.06xl06 Protoplasts/g.F.W.) was 
obtained with a combination of Cellulase ( 1%) and Pectolyase (0.2% ). Protoplasts recovered 
were totally devoid of pigment but often rich in amyloplasts. They were very variable in size 
about 80% had a diameter between IOJ.Lm and 25J.Lm but some protoplasts up to 53J.Lm in 
diameter were recovered (Fig. 37c). The size distribution was not significantly influenced by 
the enzymes combination. This variability seems to reflect the diversity of tissues present in 
the meristematic tissues of cauliflower curd as shown in histological cuts (Plate 16). The 
most meristematic protoplasts (5-20J.Lm) are assumed to come from the meristerns and the 
bigger protoplasts which were highly vaccuolated were assumed to originate from the stem 
cortex (Plate 16). This hypothesis was confirmed by isolation of protoplasts from ex plants 
graded through precision sieves and from the immature stem underlying the meristerns as the 
protoplast size distribution was significantly different between the different tissue origins 
(Fig. 37). The smallest the explants used were the more homogeneous and small the 
protoplasts recovered were (Fig. 37a). As expected the digestion of immature stem tissue 
gave the widest size distribution (Fig. 37d). It was observed that during digestion the 
enzyrnatic attack took place preferentially at the cut end of the explants and not on the non 
damaged surface of the meristems. 
Protoplast isolation from the curd of the variety Plana and other summer type 
cauliflower was virtually impossible. When the basic isolation protocol (efficient with Fanch 
and other winter type cauliflowers) was used, most of the protoplasts burst and the rare 
intact protoplasts aggregated with masses of amyloplasts and were very difficult to purify. 
Different osmolarity of the pre-plasmolysis and digestion solution were tested from 200 to 
800 mOs.Kg H20 I with no improvement and the CPW salt solution was replaced by a more 
balanced K3 culture medium similarly with no effect. Durations of incubation were also 
tested from 5 hrs to 16 hrs and incubation temperature of 24 oc and 19°C without any 
improvement. It seems therefore that the inability of this material to produce protoplast was 
not linked with the protocol of isolation but with a biological or physiological problem. To 
date protoplast isolation only appeared possible for the winter curd producing types (no 
autumn type were tested). 
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Figure 37 : Diameter distribution in population of protoplasts freshly isolated from different 
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Plate 16 : Section through the cauliflower curd meristem layer (Section lSJ..tm thick stained 
with aceto-carmine) (Bar=IOOJ..tm) 
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2.4.3 Discussion and conclusion 
The best protoplast yield reported here was 1.4x106 Protoplasts/g.F.W. which is a 
good yield compared with other protocols for protoplasts isolation (Klimaszwenska and 
Keller 1986; Sikdar et al. 1987; Lee and Loh 1988; Narasimhulu et al. 1989; Jourdan and 
Earle 1989) but much higher yields have also been reported: 10.0 106 Protoplasts/g.F.W. 
(Delpierre and Boccon-Gibod 1992) and 18.7 106 Protoplasts/g.F.W. (Bauer 1988). One of 
the important features with curd tissues however is that they are available in high quantities 
so the yield is relatively less important than with other systems. Nevertheless, Yang et al. 
(1994) using a related source of protoplasts (stem stalks) reported 2-4 106 
Protoplasts/g.F.W. They used a much more concentrated enzyme solution with two types of 
Cellulase. It is however difficult to compare protocols because the enzymes used were from 
different origins. These workers found hemicellulase to be harmful to isolation as reported 
here. It could be an indication that these cell-walls are not rich in Hemicellulose and could 
also reflect deleterious additive enzymatic activities. It would be interesting to test the enzyme 
solution developed by Yang et al. 1994 on curd meristems. 
The isolated protoplasts varied widely in size, cytoplasmic density and amyloplast 
number. All tissues reported so far for protoplast isolation have yielded such variability due 
to their complex histological structure (Jourdan and Earle 1991; Bonfils et al. 1992), 
however in the case of cauliflower curd meristematic tissues this variability seems more 
important. This could be a problem in further work because the homogeneity of protoplast 
diameter is a key factor in experimentation with cell electroporation (Rouan et al. 1991). It 
would be interesting to try to separate the different sizes of protoplast using an iso-osmotic 
density gradient such as described by Harms and Potrykus (1978). Protoplasts of 
homogeneous size from cauliflower curd could be also interesting for experiments of somatic 
fusion due to their lack of pigmentation allowing easy segregation after fusion with 
pigmented protoplasts. 
The protoplasts were not cultured further in this experiment but are expected to divide 
quickly and have a high percentage of cells dividing hence reducing the impact of phenolic 
compound production which plague protoplast culture in the genus Brassica (Glimelius 
1984; Robertson and Ear le 1986; Jourdan and Ear le 1989; London et al. 1989). Yang et al. 
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(1994) however did report the opposite observation with low division and intense phenolic 
compound production. Nevertheless they were not using meristems as their source of 
protoplasts but more differentiated tissues (stem branches). In any case the method of 
agarose embedding has allowed protoplasts to be cultivated successfully despite phenolic 
compound production (Kirti and Chopra 1989; Jourdan et al. 1990; Pauk et al. 1991; Yang 
et al. 1994). 
The site of enzymatic wall degradation appeared to be the cut surface and this is a 
good point when the aim is to produce meristems by enzymatic degradation of the underlying 
tissues. Nevertheless, the wide variability of the initial explant size made the digestion 
difficult to optimise and would lead to a complex and costly production system. 
Protoplast production from summer heading varieties appeared very difficult in 
comparison with winter heading types and a similar report was made by Yang et al. (1994). 
They reported that the membrane of the summer type varieties were 'brittle' in culture in 
comparison with winter types. The reason for this instability could be a lack of hardening of 
plants grown in warm conditions. Indeed it was observed that curd tissues from summer 
type cauliflowers were very sensitive to aseptisation treatment at harvest whereas, a cold 
storage (4°C) for at least one day made the tissue more resistant. Yang et al. (1994) did 
report a beneficial effect of a short cold storage (4°C) on protoplast division but did not 
report any improvement in protoplast stability. This problem is important as it can be 
correlated with the poor response in vitro of the meristems of these varieties when cultured 
following the protocol for micro-shoot production. Offsetting this problem could enable an 
improvement in micro-shoot production from these genotypes. 
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2.5 Preliminary study of the transformation of cauliflower by 
micro-projectile bombardment of curd pieces 
Cauliflower genetic transfonnation has often proved difficult using Agrobacteriwn 
vectors. Several reports of success have been published but with relatively inefficient 
systems (David and Tempe 1988; Srivastava et al. 1988; De Block et al. 1989; Eimert et al. 
1992; Ovesmi et al. 1993; Passelegue and Kerlan 1995). The major difficulty is to have 
access to competent cells for transfonnation and plant regeneration. With Agrobacterium 
systems most of the work is devoted to optimise shoot regeneration from the transfonned 
cells without real control on the targeted cells. The use of the particle bombardment 
procedure however allows the targetting of cells known to be competent for plant 
regeneration and consequently should have a great advantage (Sautter et al. 1995). Very little 
work has been reported on bombardment of Brassica species, Seki et al. (1991) obtained B-
glucuronidase transient expression after bombardment of Brassica napus L. stems, and 
Arabidopsis thaliana leaves and roots and Klein et al. (1991) recommended the use of 
cauliflower curd pieces as a model system for transient expression using the PDS 1000/He 
device. The aim of this work was to evaluate a newly constructed Paticle Inflow Gun (PIG) 
and assess cauliflower curd tissue as a target for transfonnation experiment. This study was 
carried out in the plant cell culture unit, St Patrick's college (Maynooth, Ireland) in 
association with Dr P. Dix. 
2.5.1 Material and Methods 
2.5.1.1 Material 
Cauliflower curds were harvested from commercial crops (Rush, Co. Meath, Ireland) 
of varieties Nautilus (Fl hybrid) (Clause Ltd), Arbon (Fl hybrid) and Dova (Fl hybrid) 
(Royal Sluis Ltd). Curds were stored at 4°C for a duration not exceeding 7 days. 
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Tobacco leaves (used as a control), cultivar Samsun, were collected from plants grown in 
vitro cultivated on RMOP (derived from Murashige and Skoog ( 1962) suplemented with 1.0 
mgJ-1 BAP and 0.1 mg.l-1 AlA) medium and subcultured every 4-6 weeks. Light in the 
culture room was supplied by a mixture of cool and wann white fluorescent tubes with a 
photoperiod of 16 h. Temperature was maintained at a constant temperature of 25 ± 1 °C. 
2.4.1.2 Methods 
Particle Inflow Gun Design 
The Particle Inflow Gun (PIG) (Plate 17) was constructed as described by Finer et al. 
( 1992)_ The vacuum chamber was welded together from 6.4 mm steel plate and measured 
16.5 x 16.5 x 30.5 cm and painted to prevent oxidation of the metal. The open front of the 
vacuum chamber was ground smooth to provide a good seal with the door. The door was 
constructed from 2.5 cm thick plexiglass (perspex) with a 6.4 mm thick neoprene rubber 
gasket glued to and recessed in the door. Two collars were welded into holes drilled in the 
top and side of the box. All of the fittings used in construction of the PIG were 114 inch (6.4 
mm). The vacuum/gauge/vent assembly, which consisted of two high pressure bead valves 
and a vacuum gauge, was connected to the collar in the side of the box using cross fittings. 
The vacuum gauge displayed the vacuum settings down to 30 inches Hg. A 2-way solenoid 
was connected to the collar on the top of the chamber, the solenoid was controlled by a timer 
relay set for a minimum duration of 50 msec. A plastic pressure line from a helium cylinder 
set at 10-80 psi was connected to the other opening of the solenoid. 
On the inside, at the top of the vacuum chamber, a stainless steel adaptor was connected to 
the collar using a compression fitting, with the plastic top of a syringe fitted to the adaptor; a 
plastic syringe disc filter holder (type Swinnex, Millipore Ltd.) could be readily attached to, 
and removed from the device. A 9.5 mm plexiglass (perspex) insert was designed to fit just 
inside the vacuum chamber and grooves for a plexiglass (perspex) shelf were cut into the left 
and right walls of the insert at every 1.5 cm. The plexiglass (perspex) insert was drilled with 
many holes (5 mm in diameter) to enable gas flow between the two compartments it created 
in the vacuum chamber. 
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Plate 17 : Particle Inflow Gun (PIG) 
(a) Vacuum chamber 
(c) Vacuum/gauge/vent assembly 
(e) Filter unit holder 
(g) Helium cylinder and pressure reducer* 
(b) Plexiglass (Perspex) door 
(d) 2-way solenoid valve 
(f) Vacuum pump 
(h) Timer relay set 
(i) Plexiglass (Perspex) shelf 
* The helium cylinder MUST be used in vertical position not as displayed here 
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Preparation of the targeted tissue 
Pieces of tobacco leaves ( 1 cm2) were cut from plants grown in vitro and placed on a 
petri dish before bombardment. Pieces of curd (1 cm2) and sections of curd stem (0.5 cm2) 
were separated from surface sterilised curd pieces (3-5 cm in diameter). Surface sterilisation 
was achieved as previously described (see 2.2.1). 
Curd pieces were set in position for bombardment in four different ways : 
(i) Laid on petri dish containing semi-solid substrate (Agar 0.7-l %). 
(ii) Laid on an empty petri dish cover with a nylon baffle (Aperture size 100 J.Lm). 
(iii) Laid on an empty petri dish with a baffle (Aperture size 100 J.Lm) positioned I cm above 
the explant on a small petri dish (3 cm in diameter) with its bottom removed. 
(iv) Pinned in an empty petri dish using a sterile drawing-pin through the bottom of the box. 
Preparation of DNA coated tungsten micro-projectiles 
The procedure used was derived from Twell et al. (1991): 
(i) A tungsten suspension was prepared by adding particles (M4 or M 10 Biorad Laboratories 
Inc.) to absolute ethanol (50 mg per ml of ethanol). 
(ii) Particles were washed by briefly spinning a 0.5 ml aliquot of the tungsten suspension in 
a microfuge. The supernatant was drawn off and particles resuspended in 0.5 ml sterile 
distilled water. 
(iii) The washing step was repeated twice. 
(iv) 25 J.Ll aliquots of the particles were distributed into microfuge tubes. 
(v) 15 J.Lg of plasmid DNA (uidA driven by the CaMV 35S promoter kindly supplied by Prof 
T.A. Kavanagh) was added to each tube. 
(vi) 25 Jll of a 1.0 M solution of calcium chloride was added on a vortex mixer. 
(vii) 10 J.LI of a 0.1 M solution of spermidine (free base) was added on a vortex mixer. 
(viii) The suspension was allowed to stand for 10 minutes. 
(ix) The suspension was centrifuged (2s, 9000 rpm) and the supernatant drawn off. 
(x) The pellet was resuspended in 40 Jll of ethanol (70% v/v) and centrifugation repeaded. 
(xi) The supernatant was drawn off and pellet resuspend in 40 J.Ll of absolute ethanol. 
(xii) The solution was sonicated and used immediately. 
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Particle bombardment procedure 
The helium pressure was adjusted at the cylinder pressure reducer to 10-80 psi. The 
solenoid valve was then activated twice to evacuate the air present in the plastic tubing line. 
In an attempt to visualise the targeted area during bombardment, dye (Lignin Pink, Sigma 
chemical company Ltd) was used initially instead of tungsten particles. A few J.Lg of dye 
were placed at the centre of a disassembled syringe filter unit. The syringe filter unit was 
then reassembled and fitted to the syringe top connected to the solenoid valve. A sheet of 
water soaked paper was used as the target on the adjustable shelf at variable distances from 
the screen of the filter unit. A vacuum of 30 inches Hg (762 mm Hg) was applied and the 
dye was discharged when the helium was released following activation of the solenoid by the 
timer relay. The coloured area was recorded for three independent shots. The procedure for 
bombardment using tungsten particles coated with DNA was identical with a deposit of 4J.LI 
of particle suspension, instead of dye, placed on a sterile filter unit. The suspension was 
allowed to dry in the air stream of a laminar flow cabinet for 3 min before shooting. Plant 
tissue, in petri dishes, was placed on the shelf at the centre of the targeted area. A shot was 
fired after evacuating the vacuum chamber. One explant was bombarded each time with three 
replications for each condition tested. 
Post-bombardment treatments 
The bombarded tissues were left in culture for 48 hours before being tested for GUS 
activity. 
GUS histochemical test 
The test was carried out according to Jefferson et al. ( 1987) 
(i) Tissue fixation in absolute ethanol for 1 hour. 
(ii) Wash tissue in 0.1 M sodium phosphate buffer, pH 7. 
(iii) Incubation in substrate solution (1 mM X-Giuc see appendix N) (vacuum infiltration of 
the tissue for 15 min at 30 Inches Hg.) at 37 oc for 10-20 Hours. 
(iv) Wash tissue in 0.1 M sodium phosphate buffer, pH 7. 
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(v) Discolour tissue if necessary in ethanol (70% v/v) at 35 °C with frequent removal of the 
ethanol. 
(vi) Check for blue spots revealing 8-glucoronidase activi~ under microscope. Since these 
blpe spots are either single or group of cells the term GUS expression unit is preferred 
(Kiein et al. 1988a). 
Scann.ing Electron M_i~roscopy 
(In association with Prof D. Cottel Electron microscopy unit, University College Dublin, 
Ireland) 
~oinbarded and unbombarded curd pieces were : 
(i) Fixed with 2.5% glutaraldehyde in 50mM sodium cacodylate-HCl, pH 7.2 for 24 Hours. 
_(ii) Dehydrated in acetone (20, 40, 60, 80, 100% v/v), 15 min each, 
(iii) Critical point dried (Balzers CP~. 030, Furs~entum, Leichtenten, D) :Tissues were laid 
in a tank then filled with liquid carbon dioxide at 800 psi and l2°C. The acetone layer 
wa~ eliminated by flushing out gas 2-3 times within 30-40 min. Temperature was 
increased up to 30°C until the limit,between liquid and gas became invisible (critical 
point), then the pressure was slowly released. 
(iv) Glued on support disc using conductive carbon cement (Leit-C). Sputter-coated 
(Balzers SCD 050) with gold (Snm, 60s, 40 mA) under vacuum (0.1-0.01 Tor) and a 
stream of argon. 
(vi) Examined in a Jeol JSM 840A microscope at 15 KV. 
2.5.2 Results 
2.5.2.1 Practical considerations 
The use of dye instead of particles enabled the visualisation of the targeted area which 
helped to optimise the position of the ex plants in the particle flow. The size of surface 
targeted was proportional (r = 0.997) to the distance between the target and the screen of the 
filter holder where particles were loaded (Fig. 38). The syringe tops used as the fitting to the 
solenoid outlet often broke and had to be replaced. Each new fitting gave a different spatial 
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position of the filter unit carrying particles. It is necessary to visualize the targeted area using 
dye after each replacement in order to be able to accurately position the explant before 
bombardment. 
K.lein et al. ( 1991) recommended the use of pieces of curd placed on agar petri plates 
before bombardment. Using a Particle Inflow Gun instead of a PDS 1000/He gun means that 
the particles are accelerated in a gas stream not on a macrocarrier. The gas was expected to 
disperse before reaching the target but did not, and was responsible for dislodging exp1ants 
and the semi-solid medium. This is especially important because with this accelerating 
system the gas arrives at the target before the particles (Sautter 1993) and if the explant is 
dislodged it cannot be effectively reached by the particles. Insertion of the explant pedicel on 
the semi-solid medium made it fragile and caused it to break under impact. Increasing agar 
concentration to 10 g/1 did not solve this problem. In these conditions it was impossible to 
shoot under vacuum with a helium pressure higher than 30 psi and at a close distance. No 
transient expression was obtained despite the explant being covered with tungsten particles. 
Microscopic observation revealed no particle penetration suggesting insufficient particle 
velocity. 
The use of a nylon baffle over the petri dish usually prevented the explant dislodging 
but not agar breakage. Avoiding the use of an agar medium, with the explant well positioned 
on the centre of the stream improved the technique but the baffle movement and acceleration 
created visible damage at the surface of the explants (not seen without a baffle). Fixing the 
baffle l cm above the explant prevented this effect but never allowed recovery of any GUS 
expression units. 
The system of pinning curd pieces to the petri dish stabilised the explant very well 
during bombardment and enabled the recovery of numerous GUS expression units. 
2.5.2.2 Particle properties 
DNA coated particles aggregated and the suspension had to be dispersed by sonication 
before use. The final suspension had to be in ethanol to avoid any contamination during 
sonication and to allow a rapid drying procedure after depositing on the screen of the filter 
unit. The main problem is that the majority of the particles remain stuck in the filter unit after 
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gas discharge even when a 'high' helium pressure (80 psi) is used. Despite this phenomenon 
transient expression was observed on tobacco leaves. Later, on routine experimentation, the 
particles after 3 min of desiccation on the filter unit were gently 'detached' from the screen 
using fine forceps. This technique enabled the majority of the particles to be accelerated in 
the gas stream and gave the best results for transient transformation of curd pieces . 
Two sizes of tungsten particles were used (MS and MlO Bio-Rad Companies, Inc). 
Transient expression of the transgene was only achieved using the MIO particles (average 
size 0.7 J.tm) and never with the MS particles (average size 0.4 J.tm). 
2 .5 .2 .3 Particle-gun parameters and targeted tissue 
Tobacco leaf pieces 
Transient expression of the B-glucuronidase was obtained after bombardment using a 
helium pressure of 30 psi under a vacuum of 760 mm Hg and for target distances of 3.7 cm 
and 6.4 cm (Fig. 39). The average number of GUS expression units was 47±16 per cm2 at 
3.7 cm and 18±18 per cm2 at 6.4 cm. Longer distances yielded no GUS expression units 
even when two shots were ftred on the same explant. Blue foci were either single cells or 
groups of cells probably due to the diffusion of the dye from one or two central cells. Cells 
belonging to various tissues were transformed: trichome (Plate 18c), mesophyll, epidermis 
and vascular bundle (Plate 18a). The intensity of the staining was very variable and 
sometimes extremely faint. The transformed cells were almost exclusively superficial. Under 
these conditions no tissue damage was observed and most of the particles remained retained 
on the filter unit. Therefore for subsequent experiments the particles, when dry, were 
'detached' as described before. The results revealed that the penetration ability of the 
particles was insufficient. Consequently a new pressure reducer was installed to allow the 
use of helium pressures above 30 psi. For a constant target distance of 6.4 cm but with a 
variable helium pressure (30-70 psi) it was not possible to improve the number of GUS 
expression units obtained per cm2 (Fig. 40). Increasing the helium pressure and enhancing 
the number of particles effectively leaving the filter unit, caused extensive explant damage 
and a decreasing number of GUS expression units recovered. 
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Plate 18 : ll-Glucuronldase transient expression after microprojectlle bombardment 
of various tissues 
(a) GUS expression units of various size obtained on tobacco leaf (Bar= O.lcm) 
(b) GUS expression unit obtained on section of cauliflower curd stem (Bar= 0.2mm) 
(c) Transformation of the central cell of a tobacco leaf trichom (Bar= 0.4mm) 
(d, e) GUS expression units obtained on pieces of cauliflower curd (Bar= 0.4mm) 
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Bombardment parameters : 
vacuum : 760 mm Hg 
Timer: 0.5 s 
He pressure : 30 psi 
Target distance : 3.7 - 12.0 cm 
Particle size : M I 0 
volume of particle solution : 4111 
9.2 12.0 
Target distance (cm) 
Figure 39 : Number of GUS expression units obtained per piece of tobacco leaf after micro-projectile 
bombardment in relation to the target distance used (three repetitions represented) 
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Bombardment parameters : 
vacuum : 760 mm Hg 
Timer: 0.5 s 
He pressure : 30-70 psi 
Target distance : 6.4 cm 
Particle size: M I 0 
volume of particle solution : 4 Jll 
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Figure 40 : Number of GUS expression units obtained per piece of tobacco leaf after micro-projectile 
bombardment in relation to the helium pressure used (three repetitions represented) 
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Cauliflower curd stem sections 
This material was used because of its large parenchyma cortical cell offering an 
optimal target to obtain transient cell transformation. Tissues were targeted at 10, 20 and 30 
psi under the standard procedure described for tobacco leaves. A very small number of GUS 
expression units were obtained for each helium pressure (0-5 blue foci). Blue spots usually 
appeared to be the expression of th~ B-glucuronidase in a large cell with diffusion of the dye 
into the neighbouring tissues (Plate 18b). This result proved that the DNA construct used 
could be expressed in cauliflower curd tissue. 
Cauliflower curd pieces 
Using the protocol developed for tobacco leaves and the system of floret fixation 
using a drawing-pin it was possible to record numerous transformation events. The influence 
of the target distance, the helium pressure, and of an osmotic pretreatment of the explant, on 
the number of GUS expressing unit recovered was investigated. The target distance appeared 
to be a key factor with a significantly higher number of GUS expression units recovered 
when targeting at 12.0 cm compared to 6.4 cm for all helium pressures tested (Fig. 4la,b). 
The influence of the helium pressure was also demonstrated with an optimal pressure of 30-
40 psi (Fig. 4lb) (46 ± 9 GUS expression units per cm2 ±se). Pretreatment of the curd 
pieces in liquid culture medium containing 0, 2, 4, 6 and 8% sucrose did· not improve the 
number of GUS expression units recovered. The blue foci recovered were usually very 
small, difficult to visualize and consisted of a single coloured cell (Plate 18d,e). Rarely, a 
whole meristematic dome appeared stained revealing dye diffusion probably caused by 
damage and transformation of bigger deeper cells. 
2.5.2.4 Assessment of tissue damage caused by bombardment of 
curd pieces 
After bombardment, at a distance of 6.4 cm with helium pressure of 30 psi and 50 
psi, curd pieces were observed under a scanning electron microscope. The technique of 
explant preparation unfortunately led to poor quality images (explant too big inducing 
dehydration problem, poor gold deposit and explant charging). Despite this phenomenon, 
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Figure 41 : Number of GUS expression units obtained per piece of curd after micro-projectile 
bombardment in relation to the helium pressure used for two target distance: (a) 6.4 cm; 
(b) 12 cm (three repetitions represented) 
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observation revealed extensive tissue damage with helium at both pressures used (Plate 
19a,b) when compared to non bombarded tissue. 
The damage was very variable in terms of surface area and depth of cell layers 
damaged. This highlights the heterogenity of the bombardment caused by the aggregation of 
particles and the lack of control of their dispersion. However the damage allowed the 
observation and measurement of cells of the frrst meristematic layer; their diameter varied 
between 5tJ.m and 10 tJ.m. This should be contrasted with the average particle size of 0.7 
tJ.m. 
2.5.3 Discussion 
Transient transformation of cells from three types of tissues was obtained. The best 
results were 47 GUS expression units per cm2 of bombarded tobacco leaf piece and 70 GUS 
expression units per cm2 of curd piece. Previous publications using the PDS-1000 I He 
device system rather than the Particle Inflow Gun reported an optimal number of GUS 
expression unit for tobacco leaves of 83.3 ± 40.3 (Klein et al. 1988) and up to 500 on each 
cm2 section of curd pieces (Klein et al. 1991 ). The two biolistic devices are rather different 
and unsurprisingly the protocols differred too. The system of explant fixation described by 
K.lein et al. ( 1991) cannot be used with a Particle Inflow Gun because the gas stream creates 
difficulty in maintaining the bombarded explants in position. The physical parameters of the 
bombardment are difficult to compare due to the very different particle accelerating protocols. 
Despite this drawback Finer et al. (1992) reported results on bombarde4 leaves of Cowpea 
as efficient as system using the PDS-1 000 I He device. The efficiency of the protocol 
described here is relatively low and this can be attributed to several factors : 
(i) DNA coated micro-projectiles aggregate intensely to each other even after sonication. This 
phenomenon has been widly reported (Klein et al. 1988; Aragao et al. 1993); it increases 
tissue damage and limits the number of particles effectively penetrating cells. It could be 
limited by reducing the amount of DNA used during the coating procedure. 
(ii) After desiccation on the filter holder most ~f the particles remain retained despite the gas 
discharge. This is the main problem associated with the particle-gun requiring a 
desiccation of the DNA coated particle. It was possible to improve the number of particles 
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Plate 19 : Electron-micrographs of pieces of cauliflower curd after particle bombardment 
(a) Apex carrying meristems (Order+ 1) showing damages (arrows) (Bar= IOO~m) 
(b) Close up on a damaged zone of the previous apex (Bar = IO~m) 
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effectively accelerated by the gas stream by gently 'detaching' them from the filter holder 
after desiccation, but unfortunately it only partially solved the problem because the 
particles remained aggregated to each other. Another alternative would be to treat the ftlter 
holder with an antistatic solution (Aragao et al. 1993) to prevent them sticking and using a 
finer outlet to create more friction and encourage desegregation. A further solution could 
be to prepare DNA coated particles and to dry them before mechanical individualisation. 
The fine dust produced could then be used in bombardment without risk of aggregation. 
(iii) Particle dispersion was very limited and the area targeted small. This phenomenon is 
related to the distance between the filter unit and the target and the diameter of the filter 
holder outlet. It is clear that a longer distance and a larger diameter of the outlet would 
lead to a better distribution of the particles. The use of a metallic outlet (e.g. a sectioned 
syringe needle) could also promote particle dispersion by electrically charging them and 
creating mutual repulsion (O'Sullivan personal communication). 
The reliability of biological bombardment from shot to shot is poor (Sanford 1990; 
Vain et al. 1993) and is attributed to explant variability and heterogenicity of coating 
particles. 
Comparison of the procedures used for the different tissues revealed that each tissue 
required a specific protocol as reported by Sanford ( 1990). Tobacco leaf tissue required a 
close distance and a low helium pressure whereas curd pieces required a relatively higher 
helium pressure and longer distance. These tissues are fundamentally very different and it is 
not surprising to observe such contrasting requirements. 
Particles with an average diameter of 0. 7 ~m were found to be more efficient than 
those with an average diameter of 0.4 ~m. This was surprising because the meristematic 
cells targeted were particulary small (5-10 ~m in diameter) and it is likely that this parameter 
is still not optimised. Nethertheless other authors using meristems as targets recommended 
the use of particles with an even larger average diameter e.g. 1.4 ~m (Leduc et al. 1994), 1.6 
~m (Dupuis and Pace 1993) and 1.5-3 ~m (Me Cabe et al. 1988; Gambley et al. 1993). 
The use of a baffle over the explant was not found to be beneficial. This is the general 
view commonly reported in the literature even if baffles are useful and sometimes necessary 
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to keep the explant in the petri dish when using cell culture or small explants (Vain et al. 
1993). 
The use of an osmotic pretreatment for curd pieces did not improve the number of 
recovered GUS expression units. This could be related to the fact that the meristematic cells 
targeted have a very dense cytoplasm with a very small vacuole, if any, as the effect of 
osmotic pretreatment has been reported to be a reduction in the vacuole size and an increase 
in the proportion of particles reaching cell compartments where the tr(!nsitory expression of 
the B-glucuronidase is higher (Yamashita et al. 1991). This hypothesis could be easily tested 
by targeting sections of curd stem after osmotic pretreatment since this tissue is made of 
large, highly vacuolated cells (Torres et al. 1980a) and should respond positively to osmotic 
treatment. 
None of the tissues targeted were precultured before bombardment, and this could be 
a key factor since precultured tissue has been reported to allow better frequency of 
transformation for immature tritordeum inflorescences (Barcelo et al. 1994) and leaves of 
Arabidopsis thaliana (Seki et al. 1991). The targeted cells were more physiologically active 
with a higher proportion dividing and therefore were more competent for transformation, 
even after only 24h preculture. 
Curd micro-explants would appear to be a useful material to test biological ballistics 
for delivery oftransgenic plants through meristem transformation provided that the efficiency 
of the system is substancially improved. A large number of micro-explants can be treated in 
one shot and their capacity for shoot regeneration is very high (see 2.2.2). Consequently the 
chance to regenerate plants arising from a rare event such as stable transgene integration 
appear reasonable. Micro-explants, due to their small size, would have to remain between 
two baffles during manipulation and shooting such baffles stick to the wet surface of an agar 
plate and thus explants would not dislodged by particle impact. This protocol is currently 
being tested. 
2.5.4 Conclusion 
The main question posed is : is it possible to transform meristems via micro-projectile 
bombardment ? It is shown here that it is possible to transform meristematic cells 
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transiently in cauliflower, as has been shown for sugarcane (Gambley et al. 1993) and 
wheat (Leduc et al. 1994; Sautter et al. 1995). Evidence that stable transformation of 
meristematic cells occurs has been reported elsewhere (Gambley et al. 1993; Leduc et al. 
1994; Lowe et al. 1995; Sautter et al. 1995) despite initial doubts linked to the possibility that 
these cells may have molecular mechanisms which prevent integration of foreign DNA 
(Potrykus 1992). Nevertheless, due to the very low efficiency of stable transformation, it is 
not expected that all the cells of a meristematic dome could be transformed and this is 
particularly relevant for curd meristematic domes which are of an unusually large size 
(Medford et al. 1991). This explains why, so far, only chimeric plants have been recovered 
from bombarded meristems. Good advances are currently being made (Sautter et al. 1995) 
using the micro-targeting device which has been designed especially for the purpose of 
targetting meristems (Potrykus 1992). The Particle Inflow Gun used here delivered particles 
at random with little control on the distribution over the area targeted and this is a good 
reason why the use of curd pieces with their numerous meristematic domes is a good choice 
of material. To be considered successful the system still has to be improved by at least a 
factor of ten to reach the efficiency of a PDS-lOOO I He gun. The low efficiency of our 
protocol, even by comparison with other authors using a Particle Inflow Gun (Finer et al. 
1992; Vain et al. 1993), is due essentially to the aggregation of the particles and any 
improvement in this aspect should dramatically improve the efficiency of the system. 
Combining the powerful capacity of plant regeneration of curd micro-explants with an 
improved bombardment procedure, followed by careful selection, is a very promising 
protocol which may be able to overcome the problem of low rates of stable transformation so 
far inherent in biological ballistics. The poor level of stable integration could also be 
overcome by using the damaging effect of particle bombardment as recently demonstrated 
with banana (May et al. 1995) enabling gene transfer via Agrobacterium in this non host 
species. More fundamentally,little is known about the fate of DNA from the time the 
particles are introduced into plant cells (Me Cabe and Christou 1993). Understanding the 
phenomena of DNA penetration into the nucleus and its integration into the host DNA is a 
prerequisite to optimisation of a stable transformation rate. 
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3 General conclusion 
This study has enabled the development of improved and new plant tissue culture 
protocols for cauliflower using curd meristematic tissues due to a better understanding of 
both in vivo and in vitro biology. Biometrical analysis of curd meristematic activity 
(organogenic, plastochronic, phyllotactic) demonstrated that a lack of dominance is 
responsible for the high level of curd ramification and the constancy of apex activity is 
responsible for the typical self-similar appearance of the organ. These points were foreseen 
in the literature (Aamlid 1952; Sadic 1962) but are demonstrated experimentally here. The 
activity of curd meristems of cauliflower and broccoli were described and compared. 
Cauliflower curd structure was described mathematically by a simple model based on the 
branching pattern and enabled the calculation, in relation to curd age, of the number of 
branches and the corresponding number of meristems it carries. Figures obtained show that 
previous estimates were very conservative and that a 'marketable' curd can carry up to 17 
million meristems highlighting the potential of this tissue for micropropagation. This better 
understanding of curd structure gave new insight into phenomena occuring in vitro and 
enabled the design of new approaches to optimise the micropropagation system. Furthermore 
this contribution to the understanding of curd biology should help to elucidate the genetic 
determinism of curd production (Anthony et al. 1995; Kempin et al. 1995; Smyth 1995) by 
enabling precise comparison of mutants with the 'normal' cauliflower phenotype studied 
here. 
Micropropagation 
Study of the factors limiting in vitro shoot regeneration from curd tissues highlighted 
that meristems are not predetermined to produce flowers and this supports recent molecular 
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evidence (Smyth 1995). Their organogenic properties appeared to be under several levels of 
control: curd genetic background and physiological status, explant physiological and 
physical parameters, and in vitro culture environment. The key limiting factors when using 
material in the optimal physiological state were nutrient supply and explant size. Optirnisation 
of these two parameters reduced the influence of the others and dramatically simplified the 
culture system. 
A new protocol for mass production of cauliflower propagules was developed. It is 
based on semi-automated explant production using an homogenisation treatment for 
production of pieces of curd of optimum size O.l-0.3 mm in diameter. For a single curd over 
400 000 explants can be produced. Their culture is then carried out in a liquid culture 
medium at an adjusted culture density to optimise nutrient supply. For winter heading 
cauliflower with the optimal explant size-class at least 10 000 propagules can be produced 
per head whereas for the two other cauliflower types (summer and autumn heading) the 
figure was much lower. Interestingly this lower response was later correlated with a greater 
cell instability observed during protoplast isolation.lt is assumed that understanding and 
reducing this instability would enable improved reactivity of isolated meristems from poorly 
responsive genotypes. However for these genotypes increasing the explant size reestablished 
high shoot regeneration capacity. Propagule production took 40-50 days from culture 
initiation to strong weaned plantlet at a low cost close to prices used for module grown 
propagules from seed. However plant vigour homogeneity and genetic stability have yet to 
be verified; homogeneity of vigour is the most difficult factor to control as it seems to be 
essentially caused by the variability in size of initial curd meristems. Several methods could 
be used to overcome this eg.: 
(i) by manipulating curd physiology using phytohormone treatment (cytokinin) in the growth 
phase (Fujime 1983) before explant isolation. 
(ii) by creating a phase of meristem multiplication in vitro to allow selection of the more 
vigourous meristems before multiplying them using a protocol based on that of Meira Ziv 
(199la,b). 
The phenotypic instability observed is thought to be of epigenic origin and expressed 
in the fraction of neoformed shoot more affected by epigenic or genetic variation. 
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Modification of the phytohormone balance in favour of auxin reduced the occurrence of 
neoformed shoots, and hence is expected to limit phenotypic variability. 
In the present state, the protocol is very competitive with publi~hed protocols (Crisp 
and Walkey 1974; David and Margara 1980; Kumar et al. 1993) and its low cost should 
boost the use of micropropagation for multiplication of hybrid Fl parents for seed 
production. When less than 50 cloned plants per curd are needed it is recommended that the 
conventional technique is used but if more than 50 are needed then the new protocol is a very 
effective alternative. The use of the technique for production of module plants for 
commercial curd production is at present not viable due to the heterogeneity of the plants, 
however any improvement would made the protocol very competitive due to its low cost. 
Such a system of multiplication would make the current long costly cauliflower breeding 
programmes almost unnecessary since it will only be necessary to identify exceptional elites 
genotypes and to multiply these clonally without any concern for their reproductive biology. 
Furthermore this regeneration system seems to open new perspectives in terms of chemically 
mediated mutagenesis using protocol as recently described by Deane et al. (1995) and genetic 
transformation techniques such as particle bombardment (Vain et al. 1993) and in planta, 
Agrobacterium mediated transformation reported by Bechtold et al. ( 1993). 
Artificial seed 
In the absence of a protocol for the reliable production of cauliflower somatic 
embryos, the suitability of micro-shoots for use in an artificial seed system of propagation 
was assessed. The rapid establishment of a root system was found to precondition 
successful conversion to plantlets. Micro-shoots were found to be able to develop roots 
during initial culture producing small (2-3 mm) well polarised micro-propagules when NAA 
was substituted for IBA in the culture medium whilst maintaining a low concentration of 
kinetin (0.5 mg.J·l) promoting shoot development. This is the first report of the production 
of such a structure in quantity (thousands per curd) in Brassica spp .. This material is well 
adapted for encapsulation in calcium alginate hydrogel and micro-shoots were stored 
successfully at 4°C for up to six months, with no deleterious effect. Capsules could be 
converted to plantlets at a rate of up to 80% on sterile compost but to be commercially 
interesting micro-propagule quality will have to be improved with respect to their 
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homogeneity. The delivery system also remains to be optimised with a special focus needed 
on the artificial endosperm. In this respect the sucrose supply is problematic because a high 
concentration induced propagule hyperhydricity. A delivery using microcapsules assuring a 
slow gradual release of sucrose as described by Onishi et al. ( 1994) would be an advantage. 
Micro-propagules appeared to be a promising material for synthetic seed technology in the 
long term. 
Micro-shoot cryopreservation 
Cauliflower micro-shoots were successfully cryopreserved in liquid nitrogen using a 
protocol of dehydration/vitrification derived from Niino and Sakai (1992). The conditions to 
induce survival were drastic and emphasised the poor level of cryoresistance exhibited by 
micro-shoots despite high dessication tolerance. The narrow range of optimal water content 
enabling successful cryostorage needs to be widened for industrial application as it is easily 
missed. Several research directions to improve this parameter were proposed including 
optimisation of the micro-shoot cold pretreatment, and reduction of the dessication speed 
using silica gel (Paulet et al. 1993) instead of air flow. This technology could be available in 
the short term and would enable an efficient, low cost means of germ plasm storage for 
laboratory manipulated elite genotypes as well as for preservation of collections of 
endangered landraces. Furthermore it should be fairly easily adapted to shoot-tips of other 
members of the B. oleracea L. group. 
Curd meristem protoplasts 
Protoplasts were isolated from cauliflower meristematic tissues. These tissues are 
available in mass and gave a reasonable yield of protoplasts, highly heterogeneous in size, 
cytoplasmic density and amyloplast number. A solution to the production of more 
homogeneous meristematic protoplasts was suggested by development of a density gradient 
as described by Arms and Potrykus ( 1978). The big problem with this material is that 
isolated protoplasts from summer heading cauliflower are very unstable and difficult to 
isolate in comparison with winter heading types. This project is in its infancy but the 
meristematic nature of curd tissue is predicted to be a big advantage as they are expected to 
be more totipotent than cells from other sources. The lack of pigment of the protoplasts is 
also considered to be an advantage for experimentation of somatic fusion. However their 
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culture seems to present the same difficulties as for mesophyll or hypocotyl protoplasts as 
reported by Yang et al. (1994) who used a related source of protoplasts. 
Micro-projectile bombardment of curd meristems 
The relative difficulty of genetically transforming cauliflower with Agrobacterium 
vectors using conventional regeneration systems motivated an assessment of an alternative 
procedure using curd meristems and biological ballistics. Transient transformation of curd 
meristematic tissue cells was successfuly achieved. It demonstrated that cauliflower 
meristematic cells can be genetically transformed. The particle inflow gun and protocol used 
yielded a low number of transiently transformed cells per shot and will have to be optimised, 
some technical adjustments for this were proposed. The large amount of meristems available 
on a small targeted surface however make recovery likely even with an unoptimised system 
of periclinal chimeras. This plant could be later manipulated by plant regeneration from tissue 
culture to obtain fully transformed plants. Even periclinal chimeras could be interesting, as 
recently reported by Sautter et al. ( 1995), if only cells of the frrst cell layer (LI) are 
transformed they cannot contribute to gamete formation and constitute a 'biosafety 
containment mechanism'; these transformed plants would only carry the transgene in the 
epidermal cell layer. The problem of clonal multiplication of the genotype being the only 
option would be solved by the use of the protocol for mass production of micro-propagules 
presented. 
The protocols described here are at different stages of their development and aim to 
become new tools for cauliflower breeders, they highlight only some of the multiple 
potentiality of curd meristematic tissues for in vitro manipulation. 
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APPEND1ICES 
APPENDIX I 
Parallel morphological variations in B. oleracea L., B. campestris L. and B. juncea (L.) 
Czern (Prakash and Hinata, 1980) 
Type of Name& o/eracea n=9 campestris n= 10 juncea n= 18 
variation locality 
Basic Latin var. acephala Lcv. B. rapa L. B. urnua Forb. 
type English Kale Spinach mustard Leaf mustard 
Local name Komatsu·na Hakarashi·na 
Locality All over the world Japan (China) Japan & China 
Bush Latin var. acephala B. japonica Sieb. B. napiformis Bail. 
type English Thousand headed borecole 
Local name Kyo-na Shelifong 
Locality Europe Japan China 
Loose Latin var. acephala B. pekinensis Rupr. B. juncea Coss. 
head English rortuguese kale 
type Local name Santosai Katsuo-na 
Locality Atlantic islands Japan & China Japan & South China 
Heading Lating var. copitata Lev. B. pekinensis B.juncea 
type English Cabbage Chinese cabbage Heading mustard 
Local name Kekkyo·hakusai Paoshin<hetaai 
Locality All over the world China & Japan South China 
Savoy Latin var. sabauda L. B. pekinensis B.juncea 
type English Savoy cabbage 
Local name Chirimen hakusai Chirimen takana 
Locality All over the world Japan & China Japan & China 
Turnip Latin B. rapa L. B. napiformis Bail. 
type English Turnip Turnip muttard 
Local name Ken<hetsai 
Locality All over the world North China 
Kohlrabi Latin var. gongy/odes L. B.juncea 
type English Kohlrabi Pickling mustard 
Local name Tsatsai 
Locality All over the world Central China 
Elongated Latin var. acephala B.juncea 
stem English Marrow kale 
type Local name Tashin·chetsai 
Locality Europe Taiwan 
Stalking Latin var. bolrylis L. B. chinensis L. B. cernua 
type English B. a/bog/a bra Bailey 
Local name Broccoli Tsaishin KigaraShi 
Locality Kailaan 
All over the world 
Middle China (Japan) Japan. (China) 
South China 
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APPENDIX 11 
Types of cauliflowers ""'I hroccolis (Crisp cl al. 1980) 
Time of sowing Poriotl of maturity Cauliflower Broccoli ----~~~~----------~~~------
September-
April 
April-Mny 
May-lune 
May-lune 
Summ~r 
L<ll!! summer· 
lal~ DUIUIIIII 
Winter~ 
enrly spring 
l....ah: winh!T-
spring 
Hea~ing Sprouting Heading Sprouting 
Summer 
cauliflower 
Autumn J>urple 
cauliflower cauliOower 
{late forms also 
known as broccoli) 
Winter 
cauliflower• 
(Roscoff broe<:oli) 
Spring cauliflow<r Lato while l\1rple Cape 
(winter har~y sprouting and broccoli 
cauliflower or 9-Siar (perennial) 
broccoli) broccolis 
Calabresc 
(green sprouting 
broccoli) 
Early white 
sprouting 
brocL-.llii early 
purple sprouting 
broccoli 
Lato pu~>le 
sprouting 
broccoli 
•Usually only suit<d lo the n~"linly frosl·freo areas of sou~1-wes1 Drilain 
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APPENDIX Ill 
Electron-micrographs of curd branch apices with abnormal phyllotactic 
patterns diverting from the usual fourth Fibonacci system (5:8) : 
(a) (5:9) 
(b) (6: 10) 
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APPENDIX IV 
Computer programme using QuickBasic (Microsoft Ltd.), calculating the theoretical 
number of branches of each Order and the total number of meristems carried by a curd in 
relation to its age (number of branches of Order II) : 
PRINT 1111 
INPUT " ENTER NUMBER OF BRANCHES OF ORDER II =",A 
INPUT " ENTER GROWTH COEFFICIENT I (POSITION) =" ,B 
INPUT " ENTER GROWTH COEFFICIENT II (ORDER)=" ,D 
PRINT"" 
Z=O:M=l+A 
PRINT " NUMBER OF BRANCHES OF ORDER I="; I 
PRINT " NUMBER OF BRANCHES OF ORDER li =";A 
IF A<=D THEN PRINT "NUMBER OF BRANCHES OF ORDER III";Z:M=M+Z: 
CALL DOME (M): ELSE CALL RANKIII (A,D,B,M) 
IF A<=D+INT(D/B) THEN PRINT "NUMBER OF BRANCHES OF ORDER IV ="; 
Z:M=M+Z: CALL DOME (M):ELSE CALL RANKIV (A,D,B,M) 
IF A<=D+INT((D/B)+(D/(B"2))) THEN PRINT " NUMBER OF BRANCHES OF 
ORDER V="; Z:M=M+Z: CALL DOME (M):ELSE CALL RANKV (A,D,B,M) 
IF A<=D+INT((DIB)+(D/(B"2))+(D/(B"3))) THEN PRINT " NUMBER OF 
BRANCHES OF ORDER VI="; Z:M=M+Z: CALL DOME (M): ELSE CALL RANK VI 
(A,D,B,M) 
IF A<=D+INT((DIB)+(D/(B"2))+(D/(B"3))+(D/(B"4))) THEN PRINT " NUMBER OF 
BRANCHES OF ORDER VII="; Z:M=M+Z: CALL DOME (M): ELSE CALL 
RANKVII (A,D,B,M) 
IF A<=D+INT((DIB)+(D/(B"2))+(D/(B"3))+(D/(B"4))+(D/(B"5))) THEN PRINT " 
NUMBER OF BRANCHES OF ORDER VIII="; Z :M=M+Z: CALL DOME (M): ELSE 
CALL RANKVIII (A,D 1B,M) 
IF A<=D+INT((D/B)+(D/(B"2))+(D/(B"3))+(D/(B"4))+(D/(B"5))+(D/(B"6))) THEN 
PRINT "NUMBER OF BRANCHES OF ORDER IX =";Z:M=M+Z: CALL DOME (M): 
ELSE CALL RANKIX (A,D,B,M) 
IFA<=D+INT((DIB)+(D/(B"2))+(D/(B"3))+(D/(B"4))+(D/(B"5))+(D/(B"6))+(D/(B"7))) 
THEN PRINT" NUMBER OF BRANCHES OF ORDER X= ";Z:M=M+Z: CALL 
DOME (M): ELSE PRINT "A TOO HIGH A VALUE FOR TIDS PROGRAMME": END 
STOP 
SUB RANKIII (A,D,B,M)STATIC 
FOR X=l TO (A-D) 
Z=Z+INT(X*B) 
NEXT X 
M=M+Z 
PRINT" NUMBER OF BRANCHES OF ORDER Ill =";Z 
Z=O 
END SUB 
SUB RANKIV (A,D,B,M)STATIC 
FOR X=l TO (A-D)-INT(D/B) 
FOR Y=l TO INT((INT(D/B)+X)*B)-D 
Z=Z+INT(Y*B) 
NEXT Y ,X 
M=M+Z 
PRINT" NUMBER OF BRANCHES OF ORDER IV =";Z 
Z=O 
END SUB 
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SUB RANKV (A,D,B,M)STATIC 
FOR P=l TO (A-D)-INT((D!B)+(D/(B"2))) 
FOR X= I TO INT((INT(D!B+D/(B"2))+P)*B)-D-1NT(D/B) 
FOR Y=l TO INT((INT(D/B+X))*B)-D 
Z=Z+INT(Y*B) 
NEXT Y,X,P 
M=M+Z 
PRINT 11 NUMBER OF BRANCHES OF ORDER V =II;Z 
Z=O 
END SUB 
SUB RANKVI (A,D,B,M)STATIC 
FOR P=l TO (A-D)-INT((D!B)+(D/(B"2))+(D/(B"3))} 
FOR X= I TO INT((INT(D!B+D/(B"2)+D/(B"3)}+P)*B)-D-INT(DIB+D/(B"2)) 
FOR Y=l TO INT((INT(D!B+D/(B"2))+X)*B)-D-INT(D/B) 
FOR H=l TO INT((INT(D/B+ Y))*B)-D 
Z=Z+INT(H*B) 
NEXT H,Y ,X,P 
M=M+Z 
PRINT 11 NUMBER OF BRANCHES OF ORDER VI = 11 ;Z 
Z=O 
END SUB 
SUB RANKVII (A,D,B,M)STATIC 
FOR P=l TO (A-D)-INT((DIB)+(D/(B"2))+(D/(B"3)}+(D/(B"4))} 
FOR X=l TO INT((INT(D/B+D/(B"2)+D/(B"3)+D/(B"4))+P)*B)-D-
INT(DIB+D/(B"2)+D/(B"3)) 
FOR Y=l TO INT((INT(D/B+D/(B"2)+D/(B"3))+X)*B)-D-INT(DIB+D/(B"2)} 
FOR H=l TO INT((INT(D/B+D/(B"2)}+Y)*B)-D-INT(D!B) 
FOR U=l TO INT((INT(D/B+H})*B)-D 
Z=Z+INT(U*B) 
NEXT U ,H,Y ,X,P 
M=M+Z 
PRINT 11 NUMBER OF BRANCHES OF ORDER VII =11 ;Z 
Z=O 
END SUB 
SUB RANKVIII (A,D,B,M)STATIC 
FOR P=l TO (A-D)-INT((DIB)+(D/(B"2})+(D/(B"3))+(D/(B"4))+(D/(B"5)}} 
FOR X= I TO INT((INT(D!B+D/(B"2)+D/(B"3)+D/(B"4)+D/(B"5))+P)*B)-D-
INT(D!B+D/(B"2)+D/(B"3)+D/(B"4)) 
FOR Y=l TO INT((INT(DIB+D/(B"2)+D/(B"3)+D/(B"4))+X)*B)-D-
INT(DIB+D/(B"2)+D/(B"3}) 
FOR H=l TO INT((INT(D!B+D/(B"2)+D/(B"3))+Y)*B)-D-INT(DIB+D/(B"2)) 
FOR U=l TO INT((INT(DIB+D/(B"2))+H)*B)-D-INT(D/B) 
FOR W=l TO INT((INT(DIB+U))*B)-D 
Z=Z+INT(W*B) 
NEXT W,U,H,Y ,X,P 
M=M+Z 
PRINT 11 NUMBER OF BRANCHES OF ORDER VIII =11 ;Z 
Z=O 
END SUB 
SUB RANKIX (A,D,B,M)STATIC 
FOR P=l TO (A-D)-INT((DIB)+(D/(B"2))+(D/(B"3))+(D/(B"4))+(D/(B"5))+(D/(B"6))) 
FOR X= I TO INT((INT(D!B+D/(B"2)+D/(B"3)+D/(B"4)+D/(B"5)+D/(B"6))+P)*B)-D-
INT(DIB+D/(B"2)+D/(B"3)+D/(B"5)) 
FOR Y=l TO INT((INT(D!B+D/(B"2)+D/(B"3)+D/(B"4)+D/(B"5))+X)*B)-D-
INT(DIB+D/(B"2)+D/(B"3)+D/(B"4)) 
FOR H=l TO INT((INT(D!B+D/(B"2)+D/(B"3)+D/(B"4))+Y)*B)-D-
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INT(D/B+D/(B"2)+DI(B"3)) 
FOR U=l TO INT((INT(D/B+D/(B"2)+D/(B"3))+H)*B)-D-INT(D/B+D/(B"2)) 
FOR R=l TO INT((INT(D/B+D/(B"2))+U)*B)-D-INT(D/B) 
FOR W=l TO INT((INT(D/B+R))*B)-D 
Z=Z+INT(W*B) 
NEXT W,R,U,H,Y,X,P 
M=M+Z 
PRINT " NUMBER OF BRANCHES OF ORDER IX =" ;Z 
END SUB 
SUB DOME (M) STATIC 
PRINT"" 
PRINT " NUMBER OF MERISTEMS CARRIED =";M 
END 
END SUB 
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APPENDIX V 
Incubation solution used for histochemical localization of B-Glucuronidase (Stomp 1992) : 
Solution I : Substrate 
In N,N'- dimethylformamide. 
X-Glu (5-Bromo-4-chloro-3-indolyl B-D-Glucuronide): 10.44 mg/ml 
Solution 11 : Oxidation catalyst 
In 0.1 M NaP04 Buffer (pH 7 .0) 
Potassium Ferricyanide (K3Fe(CN)6): 0.329 mg/ml 
Potassium Ferrocyanide (K4Fe(CN)6): 0.422 mg/ml 
Solution Ill : 
In 0.1 M NaP04 Buffer (pH 7 .0) 
EDTA (Ethylenediaminetetraacetic acid): 8.27 mg/ml 
(Mitigate the partial inhibition of the enzyme by the oxydation catalyst) 
Triton X-100: 1 mg/ml 
(Wetting agent) 
For lml of incubation solution 
Mix 
50 ~-tl of solution I 
500 f..tl of solution ll 
450 IJ.l of solution lli 
Final concentration 
NaP04 buffer, pH 7.0 
EDTA 
K Ferricyanide 
K Ferrocyanide 
X-Glu 
Triton X-100 
0.1 M 
lOmM 
0.5 mM 
O.SmM 
l.OmM 
0.1% 
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